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ABSTRACT 
The increasing acidity of precipitation may cause foliage damage, de­
crease plant growth and leach essential nutrients from the soil. The pur­
pose of this study was to determine the sensitivity of two hardwood tree 
species and three soils to simulated acid rain. The value of infecting 
tree seedlings with mycorrhizal fungi before transplanting into acid-
leached soils was also examined. 
Dundas silt loam, Hayden loam and Luther loam supporting col eus and 
sorghum were leached three times each week for 20 weeks with a mixture of 
H2SO4 and HNO3 adjusted by dilution to pH 5.5, 4.0 or 2.5. Ninety seed­
lings each of green ash {praxinus pennsyivanica Marsh.) and silver maple 
{Acer saccharinum L.) were transplanted into the soils and were misted 
twice weekly with the acid solutions for 32 weeks. 
Ash seedlings misted with the pH 2.5 solution were shorter, had a 
smaller total leaf area and produced less leaf and stem material than ash 
seedlings misted with pH 5.5 solution. In contrast, the growth and weight 
of the maple seedlings increased in response to the pH 2.5 treatments. 
Leaves of the ash exposed to the pH 2.5 treatment were covered with numer­
ous small lesions, and the cuticular wax was partially worn away. No le­
sions were observed on the leaves of the maple. Nitrogen concentrations 
in the leaves, stems and roots of both species increased with increasing 
acidity, while phosphorus concentration in the leaves decreased. Potassium 
and calcium levels were unaffected by the acidity of the rain. Soil type 
and preinfection with mycorrhizal fungi had little effect on plant growth 
or nutrient content. 
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Soils became increasingly acidic as the acid treatments continued. 
Numbers of fungi and bacteria in the soil decreased in the pH 2.5 treat­
ment after 20 weeks, but were not significantly different from the pH 5.5 
treatment after 52 weeks. Nitrogen and extractable iron concentrations 
in soils treated with pH 2.5 solutions increased, while potassium concen­
trations decreased. Phosphorus and calcium levels were unaffected by the 
solution acidity. 
The growth of the maple seedlings increased in response to the fer­
tilizing effect of nitrogen in the acid solutions. The extensive foliage 
damage which occurred on the ash seedlings very likely reduced the photo-
synthesizing ability of the plants. The resulting decrease in carbohy­
drates masked the beneficial effect of increased nitrogen availability. 
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INTRODUCTION 
Since the mid-1960s, there has been an apparent increase in the acid­
ity of precipitation over large portions of the North American and Euro­
pean continents (Cogbill and Likens, 1974; Galloway and Cowling, 1978; 
Cowling, 1982). Accelerated decay of stone monuments, disappearance of 
fish and other organisms from lakes which had rapidly acidified, and re­
duced forest and crop biomass production have been reported (Dochinger and 
Seliga, 1976; Hutchinson and Havas, 1980). 
Much of the United States is currently subjected to rainfall more 
acidic than the anticipated pH of 5.5. The natural weak acidity of rain­
fall is due to the reaction of atmospheric COg and water vapor. The pres­
ence of air pollutants has lowered^grecipitation pH in northeastern United 
States to 4.2 during the winter and 3.5 during the summer, twenty- and 
hundredfold increases in the concentration of ions (Likens et al., 
1979). Individual rain events of pH 2.1, the acidity of vinegar, are no 
longer uncommon. 
Environmental groups such as the National Wildlife Federation, the 
Sierra Club and the National Audubon Society have identified acid rain as 
a major lobbying issue. States and provinces have adopted resolutions 
calling for a reduction in the pollutants blamed for acid rain, and citi­
zen's groups have formed acid rain monitoring networks. The Canadian gov­
ernment has adopted a harsh stance toward the United States because it be­
lieves over half the air pollution causing acid rain in eastern Canada has 
its source in the industrialized Ohio River Valley. 
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There is considerable controversy over the effects of acid precipita­
tion on the environment. Acid rain has been implicated in increasing soil 
acidity, leaching important nutrients from the rooting zone and altering 
the soil microflora and fauna (Galloway and Cowling, 1978; Tyler, 1978; 
Hovland et al., 1980; Strayer and Alexander, 1981; Lee and Weber, 1982). 
Vegetation damage in the forms of foliage lesions and increased disease 
susceptibility has also been reported (Evans, 1982). Sites which are es­
pecially sensitive to damage include those areas with soils that are shal­
low or have low buffering capacities, conditions common to areas used for 
tree production (Maimer, 1976; Tamm, 1976; Galloway and Cowling, 1978; 
Wiklander, 1980). 
Every year, thousands of acres of timberland are cleared when logged 
or destroyed by catastrophe such as fire. It is important that plant 
growth be quickly reestablished on these sites.to prevent soil erosion, 
provide wildlife habitat and insure future timber reserves. Unfortunately, 
many valuable timber regions are threatened by atmospheric pollutants, es­
pecially acid rain, which may delay or disrupt revegetation attempts. Spe­
cial procedures may be required to reforest areas subjected to acid rain. 
At the moment, few data are available to suggest what effects acid rain 
may have on the revegetation of such areas. 
This study was done to examine, under greenhouse conditions, whether 
repeated exposure to acid rain affects the germination of seeds of several 
tree species, and whether the exposure affects the growth and development 
of seedlings transplanted into acid-leached soil. Infecting seedlings 
with mycorrhizal fungi prior to transplanting into the acid-leached soil 
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was also evaluated. The soils were monitored over time to determine 
changes in pH, microflora and nutrient status as a result of acid treat­
ment. 
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LITERATURE REVIEW 
The Chemistry of Acid Precipitation 
Components of acid rain 
Unpolluted precipitation ideally has a pH of 5.6. Any rain more acid­
ic than pH 5.6 is considered to be "acid rain" (Likens, 1976; U.S. Environ­
mental Protection Agency, 1979). Water reacts readily with atmospheric 
CO2 to produce a dilute carbonic acid solution: 
H2O + CO2 H2CO3 HCO3 + H . 
At saturation, this solution has a pH of 5.6 and is used as the baseline 
to judge precipitation acidity. Solid particles and a number of gases in 
the atmosphere react with condensing water droplets, and reduce or increase 
the pH from 5.6. The equilibrium acidity of the water droplet is a reflec­
tion of the interaction of combined ionic charges. 
There has been some disagreement whether rain is acidic because of na­
turally occurring substances in the atmosphere or because of air pollu­
tants. Naturally occurring substances would primarily produce weak acids. 
Most air pollutants would produce strong acids. The relative concentra­
tions of strong and weak acids in rainfall can be used to identify the 
source of the acid producing components. 
Frohliger and Kane (1975) analyzed the total acidity of 26 rain 
samples collected in Allegheny County, Pennsylvania, during 1974. The pH 
of the samples averaged 4.7. Buffering capacities of the samples were 
greater than would be predicted from the behavior of strong acids when 
titrated. They concluded that acidity in the rain was produced by natural­
ly occurring unidentified weak acids rather than strong acids (Frohliger 
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and Kane, 1975, 1976). A number of scientists found fault with this con­
cept and suggested that the samples were improperly analyzed to be able to 
predict acid components (Galloway et al., 1976; Huebert, 1976; Likens et 
al., 1976; Murphy, 1976; Schaug and Semb, 1976; Wright and Henriksen, 
1976). They suggested that a complete chemical analysis of ions in the 
solution was necessary to determine the relative contribution of impurities 
to the acidity. 
The presence of weak acids in precipitation is not disputed (Likens 
et al., 1976). However, the acid must be dissociated to contribute to the 
acidity of the solution. Some acids, such as phenols, are not dissociated 
at the pH of acid rain. Even if weak acids are present in dissociated 
form, a dilute solution has little influence on the total acidity. Likens 
et al. (1976) suggested that the technique used by Frohliger and Kane 
(1975) to determine total acidity was also incorrect because other proton 
doners were included in the results. This caused the buffering capacities 
to be inflated. 
Solutions which were analyzed for chemical components rather than to­
tal acidity have been dominated by strong acids (Galloway et al., 1976; 
Likens et al., 1976; Hoffman et al., 1980). Analyses of 1500 samples taken 
over an 11-year period at the Hubbard Brook Ecosystem, New Hampshire, found 
that the primary H^ sources were the strong acids HgSO^ and HNOg (Galloway 
et al., 1976; Likens et al., 1976). At a pH of 3.84, 142 of 144 meq 1"^ of 
free acidity were contributed by H2SO4 and HNO3. These strong acids con­
tributed 143 of 210 meq 1"^ of the total acidity. The strong acid HgSO^ 
dominated the total acidity of rainfall samples from Oak Ridge, Tennessee 
(Hoffman et al., 1980). 
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In general, the source of the ions in acid precipitation is diffi­
cult to determine. The concentration of the impurities is low. A large 
number of potential proton donors are present in most solutions which must 
be determined. Proton sources include strong acids (H2SO4, HNO3), weak 
acids (H2CO3), nonvolatile weak acids (humic acids) and hydrolyzable metals 
(Fe[H20]+g, A1IH20]*6) (Galloway et al., 1979). The dominant source af­
fecting the acidity in many cases has been found to be strong acids. 
The acidity of precipitation has been correlated to the concentration 
of sulfur oxides (50%) and nitrogen oxides (NO*) present in the upper at­
mosphere (Dochinger and Seliga, 1976; U.S. Environmental Protection Agency, 
1979; Hutchinson and Havas, 1980; Miller, 1980; Cowling, 1982). Although 
these gases are released from such natural sources as volcanoes, the soil 
and the oceans, most NO* and SO^ is released from the burning of fossil 
fuels (Likens, 1976; Galloway and Whelpdale, 1980; Cowling, 1982). In 
1981, an estimated 22.6 x 10® metric tons of SO^ and 19.5 x 10® metric tons 
of N0)( were released into the atmosphere over the United States from man-
made sources (U.S. Environmental Protection Agency, 1982). An estimated 
5.9 X 10® metric tons of SO2 and 2.0 x 10® metric tons of NO2 were re­
leased over Canada (Voldner et al., 1980). 
Worldwide, an estimated 50 to 65 x 10® metric tons of sulfur are re­
leased from man-made sources into the atmosphere (Kellogg et al., 1972; 
Friend, 1973; Bol in and Charlson, 1976). Little data are available on ni­
trogen emissions. Approximately 66% of the sulfur in the United States is 
from electric utilities, 16% is from industry and 14% is from other sta­
tionary sources, such as private homes and apartments (U.S. Environmental 
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Protection Agency, 1982). The remaining 4% is from transportation sources. 
Most sulfur in the United States is a result of the burning of coal. Ni­
trogen oxide emissions result from both stationary (52%) and transportation 
(44%) sources. Automobiles in the United States are responsible for 33% 
of all man-made oxides of nitrogen. 
Fate of upper atmosphere pollutants 
Acid rain became a problem when industrial smokestacks were built tall 
enough to release pollutants into the upper atmosphere (U.S. Environmental 
Protection Agency, 1979; Environment Canada, 1981; Cowling, 1982). Before 
1955, most air pollutants were deposited very near their point of origin. 
Very few industrial smokestacks were taller than 180 m, and emissions re­
mained in the lower atmosphere. Similar situations can be seen in the 
heavy smogs from automobile traffic that hang over populated areas such as 
Los Angeles and Denver. "Killer smogs" in London during the 1950s resulted 
in several thousand deaths. It was discovered that taller smokestacks re­
leased pollutants into the upper air, where the deadly material was car­
ried away from population centers. Gases caught in strong upper air cur­
rents may be kept suspended an average of 2 to 5 days and sometimes longer 
than 2 weeks (Environment Canada, 1981). Industrial pollution has been de­
tected in remote areas of Greenland and Scandinavia. Well over half the 
sulfur and nitrogen pollutants in Canada have their source in the United 
States. 
Eventually, the pollutants are returned to the surface, either dry or 
in solution. Particulate matter deposited on plant surfaces generally re­
mains inert until moistened. It may then either be washed from the plant 
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or react with the water to produce a dilute acid. Gaseous sulfur and ni­
trogen may be absorbed on the cuticle of plants, or may enter the mesophyll 
through open stomates and react with intercellular fluids (Fowler, 1980; 
Evans, 1982). When the plant tissue becomes moist, as with dew or fog, the 
material is suspended in the water and a dilute acid is formed. Both par­
ticulate matter and gases are adsorbed more readily by moist surfaces of 
either plants or soil. Wet deposition, commonly referred to as acid pre­
cipitation, occurs as rain, fog, sleet or snow. In the fall of 1982, sev­
eral California cities experienced acid fog (Waldman et al., 1982). 
Acid molecules may be incorporated into raindrops by several processes 
(Fowler, 1980). An acid molecule may move along a temperature or concen­
tration gradient into a raindrop. It may be incorporated during random 
Brownian movement. A raindrop may impact with or intercept an acid mole­
cule as the drop moves. In addition, particles may act as cloud condensa­
tion nuclei. If the pollutant is incorporated into the solution during 
the formation of the raindrop, the process is considered rainout of the 
pollutant. Washout occurs when the acid molecule impacts with a falling 
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raindrop. Rainout of condensation nuclei, washout of particulate SO4" and 
NO3 and the diffusion of SOg gas into solution are the major mechanisms of 
removing sulfur and nitrogen from the air. The relative proportions of wet 
and dry deposition changes as the distance from the source increases 
(Fowler, 1980; Grennfelt et al., 1980; Cowling, 1982). Dry deposition de­
creases rapidly, and precipitation becomes the major form of deposition. 
Fowler (1980), using data from North America and western Europe, es­
timated that a suburban area 3 to 30 km from a pollution source would 
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receive 126.2 kg SO2 and 14.4 kg NO2 as gases, 2.1 kg SO4" and 0.4 kg NO3 
as particles, and 15.0 kg SO4" and 3.0 kg NO3 as precipitation, per hec­
tare, per year. For an agricultural area 30 to 300 km from the source, 
these values would decrease to 25 kg SO2 and 2.4 kg NO2 as gases, 1.1 kg 
SO4- and 0.1 kg NO3 as particles, and 12.0 kg S0^~ and 1.4 kg NO3 as pre­
cipitation, per hectare, per year. At a distance of 300 to 3000 km from 
the source, a forested area in Fowler's model would receive 6.3 kg SO2 and 
1.0 kg NO2 as gases, 1.1 kg SO4" and 0.1 kg NO3 as particles, and 9.0 kg 
SO4" and 1.0 kg NO3 as precipitation, per hectare, per year. The impor­
tance of precipitation as a source of deposition increases from 1% to 45% 
of the sulfur and from 13% to 38% of the nitrogen as the distance from the 
pollution source increases. These estimates are similar to those made by 
Grennfelt et al. (1980) based on data from Sweden. In a rural coniferous 
forest ecosystem, about 43.7% of the sulfur was deposited in solution. A 
total of 24 kg of sulfur and 14 kg of nitrogen, per hectare, per year, were 
deposited as gases, particles and precipitation. 
Increasing acidity of rainfall 
The concern that the acidity of precipitation is increasing and the 
areas affected by acid rain are spreading is primarily based on less than 
forty years of precipitation chemistry records (Cogbill and Likens, 1974; 
Galloway and Cowling, 1978; Cowling, 1982). While the phenomenon of acid 
rain was recognized in 1852 by Robert A. Smith, the first detailed study of 
precipitation chemistry was not made until 1923. The first large-scale 
precipitation chemistry network, in Europe, was not established until 1948. 
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Data collection in the United States has been sporatic. Although over 5000 
stations have measured precipitation amounts for 100 years, less than 60 
stations have produced data on precipitation chemistry for the last 30 
years (Galloway and Cowling, 1978). 
Atmospheric chemists believe the pH of unpolluted precipitation aver­
ages about 5.6. This is supported by precipitation data from remote areas 
such as Antarctica and Greenland, where rain has an average pH of 5.5 
(Hanmier, 1977; Delmas et al., 1980). Glacier and continental ice formed 
before the industrial revolution has been found to have a pH of 5.5 (Rain­
water and Guy, 1961; Langway et al., 1965; Mateev, 1970). 
The earliest recorded rainfall pH in North America was 5.9, from 
Brook!in, Maine, in 1939. Precipitation samples from New York, Virginia 
and Tennessee during this time period most likely had a pH greater than 
5.6, since chemical analysis indicated the presence of the bicarbonate ion 
(Cogbill and Likens, 1974; Likens and Butler, 1981). Bicarbonates do not 
exist at a pH less than 5.6. 
A comprehensive study of precipitation chemistry was carried out from 
1955 to 1956, and forms the basis of many current theories. Rainfall was 
sampled at 24 sites scattered throughout the states east of the Missouri 
River (Junge and Gustafson, 1958; Junge, 1958; Junge and Werby, 1958). At 
that time, Pennsylvania, West Virginia and much of New England were already 
receiving rainfall as acidic as pH 4.52. Ten years later, the area af­
fected by acid rain had expanded to include many north central and south­
eastern states (Cogbill and Likens, 1974; Likens and Butler, 1981). The 
acidity of precipitation in areas reporting acid rain in 1956 had in­
creased, with stations commonly reporting an average pH of 4.2 to 4.3 
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(Gambell and Fisher, 1966; Lodge et al., 1968; Pearson and Fisher, 1971; 
Cogbill and Likens, 1974). Data from 1975 to 1976 compiled by Likens and 
Butler (1981) indicated a continuing increase in the area subjected to 
acidic precipitation, and a further increase in the acidity of rain re­
ceived by areas already affected by acid rain (Figure 1). 
Other reports, encompassing more limited geographic regions, have 
presented precipitation acidity, hydrogen ion concentration and sulfur con­
tent data for a several-year period (Cole and Johnson, 1977; McColl and 
Bush, 1978; Dethier, 1979; Johnson, 1979; Jones et al., 1979; Bromfield et 
al., 1980; Lewis and Grant, 1980; McColl, 1981; McColl et al., 1982; 
Hollitor and Raynal, 1982). Although some results have been inconclusive, 
most evidence indicates the acidity of precipitation is increasing nation­
wide. 
Acid rain is as serious a problem in parts of western North America 
as it is in the Northeast (Cole and Johnson, 1977; McColl and Bush, 1978; 
Lewis and Grant, 1980; McColl, 1981; McColl et al., 1982). At 8 sites in 
northern California, the acidity of rain averaged from pH 4.42 to 5.20, 
with some rain events as acidic as pH 3.4 (McColl and Bush, 1978), The 
acidity of rainfall in the San Francisco area increased from pH 5.9 to 5.0 
in the years between 1957 and 1974 (McColl and Bush, 1978). During a 3-
year study, from 1976 to 1978, the pH measurements at 2 sites in Boulder, 
Colorado, declined from pH 5.43 to 4.63. In the Lower Cascade Mountains, 
downwind of Seattle, continuous monitoring of the precipitation pH re­
corded values below pH 4.0 and, during one rain, below pH 3.0 (Cole and 
Johnson, 1977). 
1955-56 1972-73 
Figure 1. Isoclines of rainfall acidity over the eastern United States during a 1955-1956 study and 
during a 1972-1973 study. Data suggest that the acidity and extent of acid rain is in­
creasing (adapted from Likens, 1976) 
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Summary of precipitation chemistry 
Any precipitation event with a pH of less than 5.6 is considered to 
be acidic. Although the dilute acid may fall to the surface as snow, rain, 
sleet, mist or fog, the phenomenon is generally referred to as "acid rain." 
Acid rain contains a number of chemical components, but the acidity re­
sults mainly from H2SO4 and HNO3. These dilute strong acids form when air 
pollutants SO2 and NOx» produced by the burning of fossil fuel, react with 
water in the upper atmosphere. 
Although data are limited, indications are that the acidity of rain is 
increasing worldwide, most dramatically in the Northern Hemisphere. Many 
parts of the United States, especially those areas downwind of industrial­
ized regions, currently receive rain as acidic as pH 4.5 (Figure 2). 
Acid Rain and the Terrestrial Ecosystem 
The effects that the increasing severity of acid rain will have on 
plants and soil are difficult to predict. Acid rain has only recently been 
recognized as a problem, and the necessary historical records of precipi­
tation pH, crop productivity and soil nutrient status which could be used 
to analyze ecosystem response do not exist. Results from laboratory and 
greenhouse studies are contradictory, and are often criticized for creat­
ing artificially harsh conditions. The complexity of the terrestrial eco­
system also complicates attempts to interpret the effects of acid rain. 
The sensitivity of plants to acid rain is affected by the species or cul-
tivar, the stage in the plant life cycle, the season of the year, the 
availability of nutrients and the concentration of other pollutants in the 
air and rain. Soil sensitivity varies with the parent material, the depth 
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VflSCOHSlH 
 ^WVOMÎMÔ' 
NEBRASKA 
%ô%" JNÊwtïËxicÔ' 
TEXÂS"! 
Figure 2. Acid rain and air pollution emission data for the United States in 1980. Isoclines indi 
cate the acidity of the rain. Each dot represents the source of 5 x 10^ metric tons of 
SOg and NO^ released into the atmosphere (adapted from Gorham, 1982) 
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to the bedrock, the buffer capacity, and the quantity of water moving 
through the soil system. Under different environmental conditions, acid 
rain may increase plant growth and increase the nutrient status of the soil 
or may decrease plant growth and leach soil nutrients. Within a single 
community, a variety of responses to acid rain will probably be observed. 
Throughfall 
Acid rain may fall directly on the soil surface, but more likely will 
be intercepted by the canopies of a variety of plants. Passage through 
the canopy has been shown to significantly alter the chemical composition 
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of the solution. This altered solution is termed "throughfall" (Fairfax 
and Lepp, 1975; Wood and Bormann, 1975; Abrahamsen et al., 1977; McColl 
and Bush, 1978; Hoffman et al., 1980; Mayer and Ulrich, 1980; Lee and 
Weber, 1982; Molli tor and Raynal, 1982). Throughfall may occasionally be 
referred to as "leafwash," since the rain tends to wash dry atmospheric 
deposits and plant exudates from the leaf surface. It is important to 
consider throughfall when considering the effects of acid rain, since it 
is often this solution which interacts with the soil and groundwater. 
Two major differences exist between throughfall and incident rainfall: 
throughfall is less acidic, and it is enriched with essential plant nutri­
ents. Both have been demonstrated under laboratory and field conditions, 
although actual values vary.considerably. 
The acidity of precipitation has been shown to decrease as much as one 
pH unit when the solution passes through the forest canopy (Abrahamsen et 
al., 1977; Cole and Johnson, 1977; McColl and Bush, 1978; Hoffman et al., 
1980; Monitor and Raynal, 1982), This change occurs in both conifer and 
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hardwood canopies, with no predictable differences in the neutralizing 
abilities of the different vegetation types. Studies suggest that the pH 
decrease is due to a change in the acids in the solution, rather than in a 
change in total acidity (Hoffman et al., 1980). 
Hoffman et al. (1980) found that, although the pH of chestnut oak 
throughfall was less acidic than the incident rain, the total acidity dif­
fered by less than 10%. The proportion of strong acids changed consider­
ably, decreasing from 68% of the total acidity in the incident rainfall to 
45% of the acidity of the throughfall. Abrahamsen et al. (1977) reported 
a similar decrease in the strong acids in the throughfall of spruce and 
pine. The increase in the proportion of weak acids may reflect the weath­
ering of a wide range of carbon chain acids with hydroxy functional groups 
from cuticular wax (Hoffman et al., 1980). 
Throughfall has been found to contain a higher concentration of ions 
than the corresponding rainfall. McColl and Bush (1978) reported that the 
total cations in Eucalyptus globulus Labill. throughfall increased from 
111 to 417 ueq 1"^ and total anions increased from 118 to 472 jieq 1"^. 
Typically, the cations Mg^"*" and Ca^* are the cations which are found to 
increase. The increase often correlates with an increase in the acidity 
of the rainfall (Fairfax and Lepp, 1975; Wood and Bormann, 1975; Abraham-
sen et al., 1977; Cole and Johnson, 1977; McColl and Bush, 1978; Blanpied, 
1979; Mayer and Ulrich, 1980; Lee and Weber, 1982; MolTitor and Raynal, 
1982). Other ions which have been found to increase in throughfall include 
Na^, NH^*, Cu^*, Fef*, Mn^*, Zn^^ and S0^~. Only the H^ ion has been found 
to decrease in throughfall. 
20 
The concentration of ions in rain increases as the solution passes 
through the canopy because of the interception of dry deposits on the leaf 
surface (leafwash) and because of the leaching of ions from the leaf in­
terior. Most researchers do not distinguish between the two sources; how­
ever, Mayer and Ulrich (1980) reported that leaf washing accounted for more 
than half the increase in solution ion concentration. This percentage was 
affected by the distance from the pollution source and by the length of 
time between rainfalls (Abrahamsen et al., 1977; McColl and Bush, 1978). 
Although related to the severity of air pollution, leaf wash was not shown 
to change with increasing acidity of the precipitation. Leaching of the 
leaf interior was shown to change with increasing acidity of the precipita­
tion. Fairfax and Lepp (1975) suggested that the correlation may be due -co 
the replacement of leaf cations on exchange sites with present in the 
acid rain. Also, leaf damage, which increases with increasing acidity, 
may expose the leaf interior to acid leaching (Wood and Bormann, 1975). 
Damage to plant foliage 
Biological, chemical, environmental and cultural factors influence the 
response of a given plant to acid rain (Jacobson, 1980). The formation of 
lesions or zones of necrotic tissue on the adaxial leaf surface in response 
to direct contact with acid rain is the most common type of damage ob­
served on plants (Wood and Bormann, 1974, 1975; Ferenbaugh, 1976; Wood and 
Pennypacker, 1976; Evans et al., 1977; DaCosta, 1978; Evans et al., 1978; 
Evans and Curry, 1979; Evans, 1982; Forsline et al., 1983; Keever and 
Jacobson, 1983). Lesions have been reported to develop on the woody dicots 
yellow birch (setuia aiieghaniensis Britton.) at pH 3.1, on sugar maple 
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{Acer saccharum Marsh.) at pH 3.0, on pin oak {ouercus paiustrus Muenchh.) 
at pH 2.9, on apple {Maius domestica Borkh.) at pH 3.5, and on a variety of 
clones of poplar {popuius sp. L.) at pH 3.4. Herbaceous dicots develop le­
sions at about the same acidity as woody dicots. Kidney beans {phaseoius 
vulgaris L.) developed lesions between pH 2.5 and 3.0, zinnia {zinnia eie-
gans Jacq.) at pH 2.8, sunflower {aelianthus annuus L.) at pH 2.7 and Gly­
cine max (L.) Merr., Trandescantia sp. and Pteridium aquilinum (L.) Kuhn, 
all at pH 2.9. No plants have been found to be sensitive to solutions less 
acidic than pH 3.5 (Evans, 1982). 
Lesion damage is localized around trichomes, stomata and vascular 
tissue, structures which are located in depressions on the adaxial leaf 
surface. Evans et al. (1977), in a study using Phaseoius vulgaris L. and 
Heiianthus annuus L., reported that 75% of all lesions which developed were 
adjacent to trichomes, 20% were adjacent to stomata and 5% were not near 
any specialized structures. Lesion frequency was not related to the den­
sity of trichomes, but was correlated to the extent of leaf expansion at 
the time of treatment. Leaves were most sensitive to acid precipitation 
just before or during maximum leaf expansion. Both young and mature leaves 
were found to be somewhat resistant to acid damage. 
Lesion formation may begin with the wearing away of portions of the 
leaf cuticle (Lang et al., 1978). Four stages in the development of acid 
lesions have been recognized: 
a) The epidermal cells collapse. The cell walls of the palisade meso-
phyll begin to distort. The result is a shallow circular depres­
sion on the surface less than 0.25 mm in diameter. 
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b) Both the epidermal and palisade cells collapse. The depression be­
comes larger and deeper, between 0.25 and 1.00 mm in diameter. Some 
necrosis may appear. 
c) Most cells in the area are distorted, but only the epidermal and 
palisade cells cannot be recognized. The depression is between 1.00 
and 2.00 mm in diameter with clearly marked side walls. Necrosis 
occurs through the depression. 
d) No cells are distinct or recognizable. Necrosis appears on both the 
adaxial and abaxial surfaces. The depression is wider than 2.00 mm. 
Progressive lesion development appears to result from the continuous 
collection of acidic water in the growing depression, rather than resulting 
from a spread of disease or toxin. If acid treatment ceases, the formation 
and spread of lesions does not continue. The physiological response of 
some species of plants to acid damage may prevent the development of se­
vere lesions and may determine the sensitivity of plants to acid precipi­
tation. Evans and Curry (1979) studied the effect of acid solutions on 
lesion development in Pteridium aguilinum (L.) Kuhn, Quercus palustric 
Muenchh., Glycine max (L.) Merr., and Trandescantia sp. After 10 rainfalls 
at pH 2.5, sporophyte leaves of pteridium aguilinum (L.) Kuhn had 10% of 
the surface covered with lesions. Leaves of q. paiustris Muenchh. had less 
than 1% of the surface covered, Trandescantia sp. had 5% covered and Gly­
cine max (L.) Merr. had 6% covered. It was found that the enlargement 
of cells surrounding the lesions which developed on q. paiustris Muenchh. 
produced galls which elevated the lesions above the surrounding tissue and 
prevented further acid damage. Cell enlargement was also observed to occur 
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in leaves of Glycine max (L.) Merr., but galls did not form. Cell enlarge­
ment was observed in 4 of 6 poplar clones, while no response to lesion de­
velopment occurred in the remaining clones (DaCosta, 1978). Cell enlarge­
ment did not always result in gall formation on the clones. 
Besides lesion development, damage resulting from direct contact with 
acid rain includes necrosis of the tips of leaves of mature Heiianthus 
annuus plants, a decrease in chlorophyll content and total photosynthesis 
in moss, an inhibition of tube elongation in camellia japonica, and a de­
crease in the reproduction ability of pteridium aquiiinum (L.) Kuhn (Sheri­
dan and Rosenstreter, 1973; Evans et al., 1977; Evans and Conway, 1980; 
Masaru et al., 1980). Also, Phaseoius vulgaris treated with an acid solu­
tion of pH 2.5 had necrotic and wrinkled leaves, abnormal budding and pre­
mature abscission of the primary leaves (Ferenbaugh, 1976). In leaf tis­
sue, the cells were smaller with less intercellular space. Within the 
chloroplasts, the starch granules were smaller than normal. Plants of 
Phaseoius vulgaris treated with solutions of pH 2.7 to 3.4 had less resis­
tance to leaf diffusion than did plants treated with solutions of pH 5.6, 
possibly because of damage to the epidermal tissue (Evans, 1982). 
Effect on seed germination and seedling survival 
The effect of acid rain on germination and survival of seedlings has 
been shown to vary with species. Lee and Weber (1979) exposed seeds of 
sugar maple {Acer saccharum Marsh.), flowering dogwood {cornus florida L.), 
red alder {Alnus rubra Bong.), Douglas fir {Pseudotsuga menziesii var. 
menziesii (Mirb.) Franco), eastern white pine {pinus strobus L.), eastern 
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redcedar {juniperus virginiana L.)> Staghorn sumac (Rhua typhina L.)» 
American beech {wagus grandifolia Ehrh.)» yellow birch {Betula alleghanien-
sis Britten), shagbark hickory (carva ovata (Mill.) K. Koch) and tulip 
poplar {Liriodendron tuiipifera L.) to acid solutions for approximately 6 
months. The solutions, adjusted to pH 3.0, 3.5, 4.0 and 5.7, were applied 
to the soil surface 3 times each week. Germination of staghorn sumac de­
creased significantly, from 15.6% at pH 5.7 to 5.6% at pH 3.0. Increases 
in germination rates in response to increasing acidity occurred with Doug­
las fir, eastern white pine, eastern redcedar and yellow birch. Spruce 
{picea abies (L.) Karst) and pine {pinus sylvestrus L.) Seed was sown into 
soil adjusted to various acidities (Abrahamsen et al., 1977). The soil was 
adjusted to pH 4.0 through 4.6 for the pine studies, and to pH 3.8 through 
5.6 for the spruce studies. Neither germination nor seedling survival of 
pine were affected by the acid conditions. Spruce exhibited both decreased 
seed germination and decreased seedling survival. Optimum germination of 
the spruce occurred at pH 4.8, and decreased rapidly with increasing acid­
ity. In the soil of pH 3.8, 80% of the seedlings failed to develop normal­
ly, often because the roots did not penetrate the soil. 
Seedling sensitivity to acid rain changes rapidly as the seedling ma­
tures. Wood and Bormann (1977) reported that 94% of 2-week-old seedlings 
of eastern white pine {pinus strobus L.) died after exposure to acid mist 
of pH 2.5. At age 6 weeks, 100% of the seedlings survived the exposure to 
acid rain of pH 2.5. 
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Reduction in productivity 
It has been suggested that acid rain will cause a slow steady decline 
in the productivity of forests and crops, possibly accumulating to a total 
of 50 to 60% reduction over the next 20 years (Environment Canada, 1981). 
Unfortunately, data on the interaction of acid rain and productivity are 
difficult to obtain. Productivity is the result of the interaction of many 
factors, of which acid rain is only one. Therefore, field studies are dif­
ficult to interpret. Rarely are records of both productivity and precipi­
tation chemistry available for an area. When both are available, the time 
span is usually too limited to be of value. Greenhouse and laboratory ex­
periments are generally short-term and use a misting solution more acidic 
than currently found in nature. Variables, such as temperature, moisture 
and nutrition, are generally controlled, making extrapolation to field 
situations difficult. Two approaches have been adopted to predict the ef­
fect that acid rain may have on forest and crop productivity: the use of 
increment cores from mature trees to determine past growth, and the appli­
cation of acidified mist to plants under controlled conditions to deter­
mine changes in growth rate. 
The annual rings of trees have long been recognized as a historical 
record of climate, fire, pests and disease. Increment cores revealing 
these rings can be used to predict productivity over an extended period, 
although factors such as growth rate must be considered. Interpretations 
of increment cores vary considerably, and data based on cores often pro­
duce contradictory results-. 
In perhaps the largest field study on acid rain, increment cores from 
4269 trees were analyzed to determine their response to the increasing 
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acidity of rain in Sweden (Jonsson and Sundberg, 1972; Jonsson, 1977). 
Based on soil characteristics, the trees were identified as growing on 
sites sensitive to or insensitive to acid precipitation. From records dat­
ing to 1896, calculated productivity decreased 0.3 to 0.6% annually on sen­
sitive sites compared to insensitive sites, beginning about 1951. The pro­
ductivity decline correlated well with the increasing acidity of rainfall 
in the region. 
Johnson et al. (1981) reported a similar decline in the growth of 250 
trees on 10 sites in the New Jersey Pine Barrens. Pitch pine {Pinus rigida 
Mill.), shortleaf pine {Pinus echinata Mill.) and loblolly pine {Pinus taeda 
L.), dating to 1852, were sampled from areas which had been receiving acid­
ic precipitation for about 30 years. Regardless of tree age, about 67% of 
the cores showed an abnormal decline in growth rate dating between 1954 and 
1965. The decline could not be correlated with changes in climate, dis­
ease, pest or fire, but did correlate with the increasing acidity of rain 
in the area. 
In contrast, neither Abrahamsen et al. (1977) nor Cogbill (1976) re­
ported changes in productivity which correlated with acid rain based on 
data obtained from increment cores. Abrahamsen et al. (1977) compared the 
growth of spruce {Picea abies (L.) Karst.) and pine (Pinus sylvestrus L.) 
in regions of Norway receiving very different levels of acid rain. On the 
basis of precipitation records, 1950 was selected as the start of acid rain 
in Norway. No change in the growth of the pine could be correlated with 
the acidity of the rainfall in the different regions. Cogbill (1976) com­
pared the increment cores of birch, beech and maple grown in New Hampshire 
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and in Tennessee. New Hampshire was identified as receiving acid rain be­
fore 1955, while Tennessee did not receive acid rain until the late 1960s. 
No differences in the productivity of the sites could be attributed to the 
differences in the acidity of the rainfall. Both researchers suggested 
that any effects acid rain may have had on productivity could have been 
masked by other differences between the sites. 
A number of researchers have attempted to predict the effect of acid 
rain on plant productivity using a simulated acid mist under greenhouse or 
field conditions. Unfortunately, no standard conditions have been estab­
lished as guidelines for testing acid rain effects, and so experiments are 
often of short duration and may not reflect the response of plants to long-
term exposure. The results of these simulated rain studies prove as con­
tradictory as data obtained from increment cores. 
The growth of woody plants has not been shown to be retarded by solu­
tions less acidic than pH 2.5 (Wood and Bormann, 1974, 1977; Tviete and 
Abrahamsen, 1980). Seedlings of yellow birch (setuia aiieghaniensis 
Britton) were treated with simulated rain for 15 weeks (Wood and Bormann, 
1974). Despite the appearance of necrotic areas on the leaves, no decrease 
in the growth of seedlings treated to solutions as acidic as pH 3.0 was 
seen. In pH 2.3 treatments, the seedlings suffered a 40% reduction in to­
tal leaf area and a 25% reduction in leaf weight, as well as large areas 
of severe necrosis. Similar results were observed in studies of Norway 
spruce {Picea abies (L.) Karst.) and lodgepole pine (pinus contorta 
Doug!.). No changes in growth were observed during 3 years of treatment 
with solutions as acidic as pH 2.0 (Tviete and Abrahamsen, 1980). 
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In some species, acid rain has been shown to stimulate plant growth. 
Seedlings of eastern white pine {Pinus strobus L.) were shown to increase 
growth with increasing acidity of the rain solution, as low as a pH of 2.3 
(Wood and Bormann, 1977). Despite areas of necrosis up to 2 mm in length 
on the pine needles, total plant weight and needle weight increased. 
Height and diameter growth of Scotch pine {Pinus syivestris L.) were stimu 
lated by treatment with solutions as acidic as pH 2.0 (Tviete and Abraham-
sen, 1980). 
Herbaceous plants also show variable responses to acid rain. Acid 
treatment did not affect the production of seed by soybean plants {Glycine 
max (L.) Merr.), although the size of individual seeds did increase by 4% 
in response to the increasing acidity of the solutions (Irving and Miller, 
1981). The growth of radish and barley seedlings did decrease when plants 
were sprayed with a solution of pH 2.5 (Harcourt and Farrar, 1980). With 
increasing acidity, the leaf area, leaf dry weight and root dry weight 
decreased in the radish. Only leaf dry weight decreased in the barley. 
Kidney beans {Phaseoius vulgaris L.) which were misted daily with solu­
tions of pH 2.5 failed to attain normal height (Ferenbaugh, 1976). 
Ferenbaugh (1976) suggested that decreases in the growth rates of 
plants and other unusual plant responses to acid rain may be a result of 
changes in the concentration of the growth hormone auxin and in the auxin: 
cytokinin ratio. The application of congo red indicator dye to the cell 
contents of leaves of phaseoius vulgaris L. which had been treated with 
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solutions of pH 2.5 indicated that the cytoplasm had been acidified to be­
low pH 4.0. Since several auxin formation intermediates are acid sensi­
tive, it is likely that auxin levels were below normal for the stage in 
plant development. 
The most common explanation for declines in plant productivity in re­
sponse to acid rain is that the fertility of the soil decreases. This may 
occur because of increased leaching of the soil or because of acidifica­
tion of the soil, resulting in changes in the form of anions such as 
H2PO4. Some differences in plant response to acid rain may be a result of 
differences in the response of specific soils to acid rain. 
Acidification of soil 
Predicting changes in the soil environment in response to acid rain 
has proven to be difficult because of the heterogeneous nature of the soil, 
the complexity of the soil environment, and the long time frame in which 
most soil changes are measured. Reactions to acid rain tend to be gov­
erned more by the nature of the soil than by the hydrogen ion content of 
the rain. 
Long-term exposure to acid rain may resemble the process of podzoliza-
tion, and many predictions are based on what is observed to occur in spodic 
soils. Large quantities of acid solutions have been applied to soil to 
attempt to duplicate the effect of years of exposure to acid rain. 
Soil-forming processes tend to be very slow compared to the length of 
time acid-forming industrial pollutants have been released into the atmos­
phere. Podzolization requires several hundred to several thousand years to 
produce a severely leached, acidic soil. It is possible that the most 
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severe acid rain would only speed the process of podzolization on many 
sites, since the atmospheric input of and SO^" is relatively minor when 
compared to the quantity of these ions cycled internally between plant and 
soil pools (Petersen, 1980). Hydrogen ions in the soil may originate as 
acidic exudates from roots, as carbonic acid produced because of high CO2 
levels, during the oxidation of reduced sulfur and nitrogen, during the 
decomposition of acidic plant litter and from atmospheric inputs (Bache, 
1980a, 1980b; Wiklander, 1980). The fate of the ions may be neutralization 
by free bases such as CaCOg and Na^Og, movement out of the soil and into 
groundwater by leaching, or replacement of cations on the soil exchange 
sites (McFee et al., 1977). 
The sensitivity of soils to additional hydrogen ion input from atmos­
pheric pollutants varies considerably (Maimer, 1976; Tamm, 1976; Galloway 
and Cowling, 1978; Bache, 1980a, 1980b; Johnson, 1980; Petersen, 1980; 
Wiklander, 1980). Soils which are highly buffered or are already strongly 
acid are unaffected by even large quantities of acid solution. Sensitive 
soils are generally characterized as poorly buffered, with a pH between 4.0 
and 6.0, and with a low concentration of exchangeable cations. In sensi­
tive soils, a high proportion of the exchange sites are often holding or 
Al^ cations. Often, the parent material is igneous or metamorphic rock. 
Johnson (1980) suggested that many sensitive soils are low in sesquioxides. 
Other factors which may influence the sensitivity of soil to acid precipi­
tation are: climate, especially where precipitation is greater than évapo­
transpiration; topography and the percentage overland flow, both of which 
influence infiltration; concentration of CaCOg and ferro-magnesium 
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minerals; texture; nature of plant residues; and the ratio of ZH+, 
NH^/sCa^"*", Mg^*, K"*", Na"*" in the rainfall and throughfall (Wiklander, 1980). 
Large areas of the United States and Canada are believed to contain 
soils which are sensitive to acid precipitation (Figure 3). These areas 
include the Northeast, Mid-Atlantic, Upper Great Lakes and the Pacific 
Coast in the United States, and Quebec, Ontario and British Columbia in 
Canada. Many of these areas are already receiving rain considered to be 
acid. 
The acidification of soil could be expected to increase the leaching 
of important elements because the increased concentration of hydrogen ions 
replace bases on the exchange sites (Norton, 1976; Bache, 1980a, 1980b). 
Acidification would also increase the loss of clay minerals and reduce the 
cation exchange capacity. It is likely that a more acidic pH would lower 
biological processes. 
Leaching of soil 
There is considerable evidence that acid solutions increase cation 
leaching in some soils (Gorham and McFee, 1980). Ions in the leachate may 
originate from the dissolution of salts, from increased mineral weathering, 
from humification or from the replacement of cations on exchange sites by 
hydrogen ions in precipitation (Wiklander, 1980). The ions most commonly 
leached are Al^t Mn^t Fe2+, Ca^*, K"*" and Mg2+ (Abrahamsen et al., 1977; 
Tyler, 1978; Hovland et al., 1980; Hutchinson, 1980; Lee and Weber, 1982). 
Heavy metals, such as Zn*, Cd"*" and Ni"*", have also been reported to be sen­
sitive to acid leaching (Tyler, 1978). 
Figure 3. Location of soils in North America which are believed to be 
sensitive to leaching or acidification in response to acid rain 
(adapted from Galloway and Cowling, 1978) 
33 
The mobility of particular ions varies considerably between soils. 
Hovland et al. (1980) studied leaching below spruce needles in laboratory 
lysimeters for 38 weeks using acidic solutions of pH 3.0 and 2.0. The mo­
bility of the ions was found to be K*>Mg2*>Mn2*>Ca2*. However, was in­
fluenced by the quantity of water added to the system, while the leaching 
of Mg^*, MnZ* and Ca^* increased with the increasing acidity of the solu­
tion. The leaching of phosphorus was observed to increase, then decrease 
over time in response to the acid solution. In contrast. Wood and Bormann 
(1977) found that K"*" leaching did increase with increasing acidity, but did 
not leach as readily as Ca^"*" and Mg^*. Total ions leached out of the soil 
decreased over time, although cation input from weathering increased over 
time with the more acidic solutions. 
Leaching from some soils is not observed, perhaps because of the soil 
characteristics or the length of the experiment. Singh et al. (1980) found 
that the total cations leached from a Typic Udipsamment was similar with 
solutions of pH 5.6 and 4.5. Labelled sulfur did increase in the leachate 
with decreasing pH and increasing quantities of solution. Roberts et al. 
(1980) found that solutions of pH 3.1 and 2.7 had no effect on the concen­
tration of ions in the leachate from under a 40-year-old stand of pine 
even after 5 months of treatment. 
Lee and Weber (1982) treated model forest plots of Acer saccharum 
March, and Ainus rubra Bong, with mists of pH 5.7, 4.0, 3.5 and 3.0 for 3 
years. Solutions moving from the litter layer onto the soil were higher 
in SO4", Ca^"*", and Mg^* than was the throughfall. During the first 6 
months of the study, no change was observed in the cation concentration at 
a 20 cm depth. However, by the end of 12 months, the 20 cm depth had 
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become enriched with Ca^*, Mg^+, K'*' and S0^~ in the pH 4.0, 3.5 and 3.0 
treatments. The time required for cation enrichment to appear at the 20 
cm depth correlated well with the acidity of the mist. Illuviation oc­
curred earlier at higher acidities. No increase in cations was seen at 
the 1 m depth, even after 30 months. Molli tor and Raynal (1982) studied 
the movement of cations through soil in an area of New York receiving rain 
of pH 4.2. The concentrations of H"'", K"*" and NO] in the B horizon soil 
solution did not differ from the rainwater. Concentrations of SO^", Ca^*, 
Mg^* and Na"*" were greater in the soil solutions, indicating some leaching 
was occurring. Cation leaching under hardwood stands occurred in response 
to both H2SO4 input and internally generated organic acids. However, 
leaching under conifer stands was dominated by the quantity of organic 
acids. 
Internal mechanisms can, thus, overshadow precipitation acidity. Cole 
and Johnson (1977) found that canopy leaching was influenced by precipita­
tion pH, but soil leaching was a result of acid produced in the soil and 
other soil processes. In the Cascade Mountains, an area often receiving 
rainfall more acid than pH 4.0, the acidity of the soil never fell below pH 
5.0. The SO?" concentration in the forest floor and the soil horizons was 
often unrelated to the levels of SO^" in the rainfall. They suggested that 
the additional sulfur from the rain might accelerate the normal sulfur 
cycle and may act as a source of fertilizer. Sulfur in acid rain has been 
shown to be an important source of plant fertilizer on oats, lodgepole 
pine, Norway spruce and Scotch pine (Scott, 1979; Tveite and Abrahamsen, 
1980). 
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Organic acids in the soil are also sensitive to increasing acidity of 
rain. Schnitzer (1980) has suggested that, while the increasing acidity 
caused by acid rain may result in the aggregation and immobility of humic 
acid, fulvic acid will dissolve and become mobile under acidic conditions. 
In podzols, fulvic acid is the dominant form of organic matter. Movement 
of organic material in an acidic soil may, therefore, be substantial. 
Effects on microbiological processes 
Many microorganisms are sensitive to acid conditions, and significant 
changes may occur in the makeup of a community when the acidity of the soil 
increases (Alexander, 1977). Bacterial populations are smaller and less 
diverse at greater hydrogen ion concentrations. Soils with acidity greater 
than pH 5.0 are unfavorable to actinomycetes. Many algal species are un­
affected by a pH as low as 2.0. Treatment of field plots with solutions 
of pH 2.0 and 3.0 produced no change in total number of bacteria or total 
length of fungal mycelium, but did result in a decrease in the number of 
active bacteria and fungi (Baath et al., 1979). Chitinolytic, proteolytic 
and amylolytic bacteria, and sporeforming bacterial species were more 
prominent in acid-treated soils (Baath et al., 1980). The size of the bac­
terial cells also decreased with increasing acidity (Baath et al., 1979). 
Changes in community structure would be expected to affect the chemi­
cal transformations carried out by microorganisms. Also, enzyme activity 
is affected by acidity. Decomposition generally proceeds more slowly 
under acidic conditions. Below pH 5.5, most cellulose is decomposed by 
filamentous fungi because most decomposing bacteria have been eliminated 
(Schmidt and Ruschmeyer, 1958). The influence of acid rain on soil 
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processes will be affected by the ability of the soil to neutralize the 
acid and would, therefore, be expected to vary considerably. Pine needle 
decomposition was shown to be unaffected by acid rain treatment in several 
studies, but shown to decrease in several other studies (Abrahamsen et al., 
1977; Roberts et al., 1980; Baath et al., 1980; Hovland et al., 1980). 
Acid rain was shown to decrease the rate of decomposition of lignin (Hov­
land et al., 1980). Glucose mineralization decreased in response to acid 
treatment (Strayer and Alexander, 1981). 
Soil acidification resulting from acid rain may have the greatest ef­
fect on nitrogen transformations, especially nitrification reactions 
(Alexander, 1977; 1980). Generally, mineralization of organic forms of 
nitrogen is depressed in acid soils, and an accumulation of nitrogen may 
occur (Ishaque and Cornfield, 1972). Nitrosomonas spp. and Nitrobacter 
spp. are extremely sensitive to acidity. Since these are the major nitri­
fying organisms, nitrification is depressed below pH 6.0 and negligible be­
low pH 5.0 (Dancer et al., 1973). Strayer et al. (1981) reported that rain 
of pH 4.1 and 3.2 had no effect on the mineralization of organic residues. 
A direct correlation was found between the increasing acidity of the rain 
and a decrease in the rate of nitrification in the soil. Both symbiotic 
and nonsymbiotic nitrogen fixation are inhibited by acidic conditions. Ap­
plication of solutions of pH 5.0 significantly reduced acetylene reduction 
in forest litter and in soil, suggesting an inhibition of nonsymbiotic ni-
trogen-fixing organisms (Dension et al., 1977). Modulation of soybeans by 
the symbiotic nitrogen fixer Rhizobium spp. has been demonstrated to occur 
at a pH of 4.6 or greater, although" once nodulated, fixation occurred at a 
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pH as low as 3.9 (Bryan, 1922), Nitrogen fixation does not occur in alfal­
fa or black medik below pH 6.5 (Alexander, 1980). Infection of red clover 
roots by nhizobium spp. occurs infrequently below pH 5.2 (Dilz and Mulder, 
1962). Rhizobium spp. disappear from the soil under conditions more acidic 
than pH 5.0 (Rice et al., 1977). Denitrifying bacteria are also sensitive 
to increasing acidity (Valera and Alexander, 1961). 
The infection of plant roots by mycorrhizal fungi has been shown to be 
important in increasing nutrient uptake on low fertility sites (Gerdemann, 
1968; Mosse, 1973). Although little research has been done on the effect 
of acid rain on mycorrhizae, the effect of acidity on germination and nu­
trient uptake has been examined. Ectomycorrhizal fungi, mainly Basidio-
mycetes, are very resistant to acidic soil conditions and are used to im­
prove seedling nutrition on reclaimed mine spoils (Marks and Kozlowski, 
1973). Vescicular-arbuscular mycorrhizal fungal spores vary greatly in 
their sensitivity to acidic conditions on soil extract agar (Green et al., 
1976). Spores of Glomus mosseae Nichol. and Gerd., Gigaspora coralloidea 
Trappe, Gerdemann and Ho and Gigaspora heterogama (Nichol. and Gerd.) 
Gerdemann and Trappe were placed on agar adjusted to pH 4.0, 5.0, 6.0, 7.0, 
8.0 and 9.0. Germination of Glomus mosseae was best at pH 7.0 and de­
creased rapidly below pH 7.0. Good germination of Gigaspora coralloidea 
decreased steadily below pH 6.0. Once infection is established, acid sen­
sitivity of the plants appears to be related to plant species and soil fer­
tility rather than sensitivity of the fungi (Haines and Best, 1976; Graw, 
1979; Yawney et al., 1982) Tagetes minuta L. and Guizotia abyssinica (L. 
f.) Cass infected with the same strain of Glomus macrocarpus (Gottingen 
strain) were grown in an acidic forest soil adjusted to a pH of 4.3, 5.6, 
38 
or 6.6 (Graw, 1979). At pH 4.3, both mycorrhizal and nonmycorrhizal plants 
of Guizotia abyssinica grew poorly and were phosphorus deficient, although 
in less acidic soil mycorrhizal plants grew much better than nonmycorrhizal 
plants. Mycorrhizal plants of Tagetes minuta consistently were larger than 
nonmycorrhizal plants. Root infection at pH 4.3 was poor in Guizotia abys­
sinica but good in Tagetes minuta, indicating that plant receptivity to 
fungal infection may be correlated with soil acidity. Sweetgum {Liguidam-
bar styraciflua L.) infected with Gigaspora margarita Becker and Hall grew 
better at pH 4.5 than at soil acidities of pH 5.5, 6.6, and 7.8 (Yawney et 
al., 1982). The isolate of the fungus had been obtained from soil at pH 
5.2 and may have been adapted to acidic conditions. The effect of acidity 
on ericoid, arbutoid and orchidaceous mycorrhizae is unknown. 
Summary of effects on terrestrial ecosystems 
When acid rain passes through the vegetation canopy, it becomes less 
acidic and enriched with a variety of cations. This is primarily a result 
of the removal of dry atmospheric deposits and plant exudates from the sur­
face of the leaves. Direct contact of the rain with the leaf surface may 
result in lesions or zones of necrotic tissue. The severity of the damage 
increases with increasing acidity of rain. 
Considerable concern has been expressed over the possible loss of crop 
and forest productivity in response to acid precipitation. There is cur­
rently no conclusive evidence to support these fears, because the reports 
in the literature are contradictory. Data are available that demonstrate a 
stimulation, as well as a depression, of plant growth in response to acid 
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rain. The contradiction lies in the fact that acid rain is only one of the 
many factors which affect productivity. 
The complexity of the soil environment has made research in this area 
very difficult. Many soils with low buffering capacities are believed to 
be sensitive to acid rain. The time span involved in soil forming proc­
esses is much greater than the phenomenon of acid rain. 
Acidification of soil in the field has not been directly linked to 
acid rain. Leaching of nutrients, especially K"*", Ca^*, Mg^*, and SO^", has 
been observed to increase with increasing acidity of precipitation on many 
soils in both laboratory and field research. Soil microbiological proc­
esses, such as nitrification and nitrogen fixation, have been shown to be 
sensitive to soil acidity. 
Conclusion 
Precipitation over much of North America and Europe is acidic, aver­
aging less than pH 4.0 in many areas. Although historical records of pre­
cipitation chemistry are incomplete or lacking, the acidity of precipita­
tion appears to be increasing. What effect this will have on terrestrial 
ecosystems is uncertain because of the complexity of soil and plant sys­
tems. 
From laboratory and field studies, acid rain has been demonstrated to 
leach vegetation, cause lesions on foliage, acidify soil, leach cations 
from the soil and inhibit some microbial processes. There is no evidence 
that these results will hold for natural situations, and considerable 
study is needed before wise economic and political decisions can be made 
regarding the probable acidifying sources. 
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STUDY OBJECTIVES 
1. To determine if misting seedlings of green ash {rraxinus pennsyivanica 
Marsh.) and silver maple {Acer sacchaiinum L.) with simulated acid 
rain at pH 5.5, 4.0 or 2.5 for 7 months after transplanting into an 
acid-treated soil: 
a. Reduces (P = 0.95) the growth of the seedlings; 
b. Reduces (P = 0.95) the Kjeldahl N, total P, K, Ca and Fe concen­
trations in the seedlings; 
c. Changes the leaf morphology of the seedlings. 
2. To determine if inoculation of the roots of seedlings of green ash and 
silver maple with Glomus etunicatum Becker and Gerdemann prior to 
transplanting the seedlings into an acid-treated soil and subsequent 
treatment with simulated acid precipitation significantly increases 
(P = 0.95) growth and nutrient content of the seedlings during the 7-
month treatment period. 
3. To determine if significant (P = 0.95) changes occur in selected prop­
erties of Dundas, Hayden and Luther soils treated for 52 weeks with 
simulated acid rain. The properties include pH, Kjeldahl N, exchang-
able P, K, Ca, and Fe, and microflora. 
4. To determine if the percentage of germination, the rate of germination 
and the rate of seedling survival of seeds of green ash {praxinus penn­
syivanica Marsh.), black locust {Robinia pseudoacacia L.), American 
sycamore {Platanus ocddentalls L.), Norway spruce {Picea abies (L.) 
Karst.) northern white cedar {Thuja ocddentalls L.), eastern white 
pine {pinus strobus L.), red pine {pinus resinosa Ait.) and amur 
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honeysuckle {Lonicera maackii Maxim) are significantly (,P =0.95) al­
tered when sown into acid-treated soils and watered with acid solutions 
of pH 5.5, 4.0 or 2.5. 
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METHODS 
Three soils representative of forested areas in central Iowa were se­
lected for use in the study. Soil characteristics are presented in Table 
1. Selection criteria included the presence of a forest cover, a soil 
acidity between pH 4.0 and 6.0, a low buffering capacity and a low ex-
tractable phosphorus content. Soil acidity and buffering capacity have 
been shown to be important in the sensitivity of soil to acid rain (Maimer, 
1976; Galloway and Cowling, 1978; Wiklander, 1980), High levels of ex-
tractable phosphorus have been shown to inhibit the infection of plant 
roots by mycorrhizal fungi (Ratnayake et al., 1978). The soils, minus the 
organic horizons, were collected from the upper 15 cm (A horizon) of the 
profile during late March and early April, 1981. They were collected in 
the Hoist Tract State Forest, Boone, Iowa, U.S.A. (42°N, 94°W). The soils 
were air-dried, passed through a 10-mesh sieve and mixed with perlite at a 
ratio of 1:1 to prevent soil compaction. 
The soils were not sterilized before use. 
Seedling Transplant Study 
The seedling transplant study was designed to determine the effect of 
simulated acid rain on the growth and nutritional status of seedlings of 
green ash and silver maple, and on tl.a pH, microflora and concentration of 
ions in the soil in which the seedlings were grown. The possible advan­
tage of inoculating the seedlings with mycorrhizal fungi before transplant­
ing into acid-leached soils was also examined. 
Table 1. Characteristics of soils used in the acid rain studies 
Soil mapping units® 
Taxanomic 
classification 
Vegetation 
cover& 
Woodland 
suitability PH' 
Extractable 
phosphorus^ 
Dundas silt loam 
0-2% slope 
Fine-loamy, mixed 
Mesic Udollic 
Ochraqualf 
mixed pines fair 5.3 
(ppm) 
15 
Hayden loam 
0-2% slope 
Fine-loamy, mixed 
Mesic Typic 
Hapludalf 
oak-hickory good 5.0 12 
Luther loam 
0-2% slope 
Fine-loamy, mixed 
Mesic Aerie 
Ochraqualf 
clearcut, 
formally 
oak-hickory 
good 5.1 
^Andrews and Dideriksen (1981). 
^laboratory analysis. 
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Many forested areas have been receiving acid rain for a number of 
years (Jonsson and Sundberg, 1972; Cogbill, 1976; Johnson et al., 1981). 
To simulate changes, such as leaching of nutrients and an increase in hy­
drogen ions which may occur in soils in these areas, the three soils were 
treated with simulated acid rain before the tree seedlings were trans­
planted. The three soils were used to fill 25 cm deep, 6 1 white plastic 
pots. Sixty pots of each soil were filled for a total of 180 pots. The 
pots were then randomly arranged on 15 benches in the greenhouse so that 
each bench contained 4 pots of each soil for a total of 12 pots per bench. 
Each pot was planted with sorghum seed and rooted coleus cuttings in late 
May. The coleus and sorghum were planted to increase the number of native 
mycorrhizal fungal spores in the soil (Schenck, 1982). During June and 
July, the soils were watered with distilled water three times each week. 
The soils were not fertilized during this period. At the end of July, sub-
samples were taken from each of 72 pots, 24 subsamples of each soil type. 
The subsamples were analyzed for numbers of bacteria, fungi and mycorrhizal 
spores. Subsamples were taken from all 180 pots and analyzed for pH and 
nutrient content. 
Acid treatment of the soil began August 1, 1981. The benches had been 
divided into 5 blocks along a north-south drying gradient. The 3 benches 
in each block were randomly assigned an acid treatment of pH 2.5, 4.0 or 
5.5 (Figure 4). Each pot was watered twice a week at the soil surface with 
1 1 of the acid solution. The plants were misted once each week, with each 
pot receiving about 1 1 of solution during misting. The plants were fer­
tilized with a dilute solution of NH4NO3 every week, for a total addition 
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Figure 4. Block and whole plot arrangement of the seedling transplant study in 
the greenhouse 
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of 0,4 g of nitrogen during the pretreatment. There was no other fertili­
zation. After 20 weeks, the tops of the sorghum and col eus were cut at 
the soil level and discarded. The soil in each pot was mixed well and 
sampled. Samples from 108 pots, 3 complete blocks, were analyzed for num­
bers of fungi, bacteria and mycorrhizal spores. Samples from all 180 pots 
were analyzed for pH and nutrient content. The soils were then planted 
with seedlings of either green ash or silver maple and the study of the 
effect of acid rain on tree seedlings was started. 
The seedling transplant study was designed as a split plot with acid 
solutions applied to whole plots. Acid solutions of pH 5.5 served as the 
control, since 5.5 is considered the acidity of unpolluted rain (U.S. En­
vironmental Protection Agency, 1979). Variables within the whole plots 
were soil, tree species and time of infection by mycorrhizal fungi. The 
study was divided into 5 blocks along a north-south drying gradient which 
existed in the greenhouse bay. Pots on the south side of the greenhouse 
dried quickly, while those on the north side remained moist between water­
ings. There were 36 pots in each block, 12 in each whole plot. The vari­
ables selected for the study were: 
Soil type: Dundas silt loam 
Hayden loam 
Luther loam 
Acidity of mist: pH 5.5 (3.16 x 10"® g eq H"*" 1"^) 
pH 4.0 (1.00 X  10-4 G  eq H+ I' L )  
pH 2.5 (3.16 X 10-3 G EQ H"^ TM 
Tree species: green ash {rraxinus pennsyivanica Marsh.) 
silver maple {Acer saccharinum L.) 
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Mycorrhizal infection: Roots infected with Glomus etunicatum Becker 
and Gredemann before transplanting; 
Roots infected with native mycorrhizal fungal 
species after transplanting. 
Soil characteristics are presented in Table 1. 
The acid rain was simulated by adding a solution of 2^ HgSO^ and 1 ^  
HNO3, at a ratio of 10 parts sulfur to 7 parts nitrogen, to distilled 
water. This ratio was selected to simulate the acid components of rain in 
the northeastern United States (Likens et al., 1979). The acidity was ad­
justed to pH 5.5, 4.0 or 2.5, and was checked periodically to insure less 
than a 5% deviation from the desired pH. The pH 5.5 treatment represented 
unpolluted rain, the pH 4.0 treatment represented the average pH of much 
of the rain in northeastern United States, and the pH 2.5 represented the 
more severe conditions reported to exist in some rainfalls (Likens et al., 
1979). The solutions were applied both as mist on the plants and as a 
watering solution to the top of the soil. The misting apparatus consisted 
of 3 "Superfine" Fogg-It nozzles (Fogg-It Nozzle Company, P.O. Box 16053, 
San Francisco, CA) evenly spaced along a 2 m length of PVC pipe (Figure 5). 
The system was wheeled over the plants just before treatment and was re­
moved immediately after the misting. The mist nozzles were placed approxi­
mately 1.5 m above the tops of the pots. During misting, polyethylene 
sides could be lowered to enclose the bench and prevent drift of the mist 
to surrounding treatments. Acid solutions were pumped through the system 
from a reservoir using a Hy-Pro roller pump (Hypro Engineering, Inc., 
Minneapolis, MN). The mist system was designed to deliver 20 1 of solution 
2.0 M 
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Figure 5. Design of the misting system used in the seedling transplant study 
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in 7 min to the entire bench, or approximately 1 1 of solution to the root 
system of each plant. This was the equivalent of a 1 cm rainfall at each 
misting. The system was flushed with distilled water before misting each 
bench to prevent carryover of the acid solutions. 
The silver maple seedlings used in this study were rooted softwood 
cuttings cloned from about 40 stock plants. The cuttings were dipped for 
5 sec in 500 ppm aqueous solution of IBA and rooted in sterile Jiffy 7 pots 
under intermittent mist. The rooted cuttings were transplanted into pots 
containing an artificial growing mix (peat-perlite-vermiculite, 1:1:1 by 
volume) into which mycorrhizal fungal spores had been mixed. The original 
maple trees were grown from open pollinated seed collected from several 
mother trees in the Ames, Iowa, U.S.A., area (42°N, 93°39'W). The green 
ash seedlings were grown from open pollinated seed collected from a single 
mother tree in Ames, Iowa, in October, 1981. The ash seeds were stratified 
at 4°C for 60 days. They were then sown into pots containing an artificial 
growing mix (peat-perlite-vermiculite, 1:1:1 by volume) into which mycor­
rhizal fungal spores had been mixed. The seeds were germinated under in­
termittent mist. Once germinated, the ash were thinned to 2 per pot. 
Spores of the mycorrhizal fungus Glomus etunicatum Becker and Gerde-
mann had been produced in pot culture using sorghum grown in a sterilized 
mix of coarse sand and vermiculite (1:1 by volume). The concentration of 
spores was greater than 5000 per 100 cc of mix. Twenty-five cc of the mix 
containing the spores were added to each pot containing a silver maple 
rooted cutting or seeds of green ash. The roots of each seedling were 
checked for mycorrhizal fungal infection at the time of transplanting into 
the pretreated soil. 
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Two seedlings of either green ash or silver maple were transplanted 
into the acid-treated soil in mid-January and allowed to acclimate for 14 
days without acid treatment. The weaker seedling was then removed. Acid 
treatment was begun February 1, 1982. At the start of the acid rain treat­
ment, the maple seedlings had 4 to 6 pair of fully expanded primary leaves. 
The green ash seedlings had 1 to 2 pair of fully expanded primary leaves. 
The silver maple grew rapidly and it was necessary, after 15 weeks, to cut 
the maple back to about 20 cm. All stems resprouted within 2 weeks. Lat­
eral buds were removed so only one new stem developed. 
The seedlings were misted once each week and watered at the soil level 
twice each week for 15 weeks. Misting was then increased to twice each 
week and watering to three times each week for 17 weeks. Treatment was in­
creased because of the increased water demand as plants became larger and 
weather became warmer. The seedlings were treated with acid for a total of 
32 weeks. Every other week, each pot was fertilized with 100 mg nitrogen 
as NH4NO3, 30 mg of phosphorus and 75 mg of potassium as K2HPO4 and KCl. 
Once every 4 weeks, 0.5 mg of boron as H3BO3, 0.02 mg of copper as CuSO^* 
5H2O, 0.5 mg of manganese as MnCl2*4H20, 0.5 mg of zinc as ZnS0it*7H20, 
0.1 mg of molybdenum as H^MoO^-H^Dand 5.0 mg of iron as FeEDTA were added. 
Growth of the seedlings was measured every 2 weeks during the study. 
Seedling height was measured from the top of the pot to the base of the 
terminal bud to prevent variation due to soil compaction or soil loss. 
Stem diameter was measured level to the top of the pot. All leaves greater 
than 10 mm in length were counted. 
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During late August, cuticular stomatal resistance and internal pres­
sure in the seedlings was measured in 3 of the 5 blocks. The seedlings 
were not watered for 36 hrs before testing was started. Measurements were 
begun at 6 A.M., just after sunrise and 30 minutes after artificial light­
ing was started. Leaves were sampled between the fourth and seventh nodes 
and immediately tested on a shaded diffusion resistance meter (Model LI-60, 
Lamda Instruments Co., Inc., 2933 N. 6th St., Lincoln, NE). The water po­
tential of the same leaf was then measured using a pressure bomb. Each 
tree was tested, in order, at 6 A.M., 9 A.M., 12 noon, 3 P.M., and 6 P.M. 
Testing was completed before sunset. Eighteen seedlings, all the trees of 
one species in a block, were tested each day. 
Leaves were removed from the third node below the terminal bud on 
several trees of each species in each acid treatment prior to the end of 
the study. Half of these leaves were placed in FAA (formalin-acetic acid-
alcohol) for later processing for light microscope examination. The re­
maining leaves were submerged in a solution of 2% gluteraldehyde in a 0.1 
M phosphate buffer at pH 7.4. They were then sliced into 2 mm squares with 
a clean razor blade in a wax-coated petri dish. The sections were then 
stored in glass vials in the gluteraldehyde fixative at 4°C. After 8 hrs, 
the sections were given three 10 min rinses in 0.1 M phosphate buffer at 
pH 7.4. They were then dehydrated in a graded ethanol series. While in 
100% ethanol, a portion of the samples were cryofractured, with special 
attention to damaged areas which could be observed with a dissecting scope 
(Humphreys et al., 1974). The leaf sections were infiltrated with freon 
113, critical point dried with carbon dioxide, mounted on brass discs with 
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silver paste and silver metal tape and coated with gold-palladium in a 
polaron E5100 sputter coating unit. SEM observations were made using a 
JEOL JSMr-35 microscope at an accelerating voltage of 25 KV. 
Leaf samples in the FAA were prepared for light microscope examina­
tion using a clearing technique which consisted of placing whole leaves or 
leaflets in 5% NaOH for 10 days. The solution was changed periodically. 
When the leaves^became colorless and clear, NaOH was removed with three 5 
min double-distilled (DD) water rinses. Samples were then placed in satu­
rated chloral hydrate for 2 days. The leaves were then rinsed twice in DD 
water and placed in 1% aqueous safranin for 4 hrs. Samples were dehydrated 
in a graded ethanol series. The leaves were stained with chlorazol black E 
in absolute ethanol, then destained to the proper saturation in 100% etha-
• r 
nol. Samples were then graded into pure xylene, mounted on glass slides 
with permount and photographed with a Zeiss universal photomicroscope. 
Both microscopes were operated by William J. Yawney, Ph.D. candidate. De-, 
partment of Forestry. 
After 32 weeks of treatment, the seedlings were harvested. All leaves 
were removed from the seedlings and total leaf area was determined with a 
portable area meter attached to a conveyor belt (Li-cor Model LI-3000, Li-
Cor, Inc., P.O. Box 4425, Lincoln, NE). The leaves were dried at 45°C for 
3 days and were weighed. Stems were cut into small pieces and dried at 
45°C until a constant weight was reached at 7 days. The total leaf and 
stem biomass of the maple was calculated to include the leaf area and leaf 
and stem dry weight removed at 15 weeks. Seedling roots were removed from 
the soil over a 21 day period. They were rinsed until clean with distilled 
water and dried at 45°C until a constant weight was reached at about 10 
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days. About 100 mg of fresh roots were preserved in FAA to determine the 
degree of mycorrhizal infection. 
All dried plant material was ground with a stainless steel Wiley mill 
through a 20-mesh screen. Approximately 250 mg of sample was digested in 
a solution of HaSO^-Se and H2O2 at 400°C for 110 min (Technicon Industrial 
Methodology AAII, 98-70W; Technicon Instruments Corp., Tarrytown, NY). 
Kjeldahl nitrogen and total phosphorus were determined using a Technicon 
Autoanalyzer II (Technicon Industrial Methodology AAII, 327-74W; Technicon 
Instruments Corp., Tarrytown, NY). Total potassium, calcium and iron were 
determined using a Perkin-Elmer 272 Atomic Absorption Spectrophotometer 
(Perkin-Elmer Corp., Norv/alk, CT). 
The soils were mixed well and samples were taken. Each sample was 
ground with mortar and pestle to pass completely through a 40-mesh sieve. 
The. soils were then analyzed for pH, Kjeldahl nitrogen, extractable phos­
phorus, potassium, calcium and iron. The acidity of the soil was deter­
mined using a 1:1 soil to water slurry (Peech, 1965). The slurry was mixed 
vigorously, then allowed to stand at room temperature for 1 hr. Acidity 
was then measured on a Beckman Expandomatic SS-2 meter (Beckman Instru­
ments, Inc., Fullerton, CA). Kjeldahl nitrogen was determined by digesting 
approximately 500 mg of the ground soil in a solution of HaSOtf-Se and H2O2 
at 400°C for 150 min (Technicon Industrial Methodology AAII, 98-70W; Tech­
nicon Instruments Corp., Tarrytown, NY). A Technicon Autoanalyzer II sys­
tem was used to measure the concentration of nitrogen in the digest. Four 
grams of soil and 40 ml of Bray I extracting solution were mixed for 10 
min on a wrist action shaker (Bray and Kurtz, 1945). The solution was fil­
tered through Whatman No. 42 paper and analyzed for extractable phosphorus 
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using the Technicon Autoanalyzer II system. The Bray extract was used to 
determine extractable potassium, calcium and iron. Concentrations were 
measured on the Perkin-Elmer Model 272 Atomic Absorption Spectrophotometer. 
Similar procedures were used with soils from the earlier sampling periods. 
All samples used to determine microbial numbers were stored at 4°C 
until analysis. Bacteria and fungi were analyzed by serial dilution and 
plating within 96 hrs of sampling (Clark, 1965a). Rose bengal-streptomycin 
agar was used for fungal counts (Menzies, 1965). Nutrient agar and egg 
albumin agar were used for bacterial counts (Clark, 1965b). Mycorrhizal 
fungal spores were extracted from 100 cc soil samples by the sucrose cen-
trifugation technique developed for extraction of nematodes (Jenkins, 
1964). The spores were stored in 5% formalin until they were counted. The 
spores were counted by scanning a scored plastic petri dish at 20x power 
with a dissecting microscope. All spores were counted. Similar procedures 
were used with soils from earlier sampling periods, except that egg albumin 
agar was used only in the last period. 
Root samples taken at the start and end of the study and preserved 
with FAA were stained with acid fuschin following the clearing and staining 
procedure described by Kormanik et al. (1980). 
Seedling Germination Study 
The study was developed to determine the effect of acidic solutions on 
seed germination of a variety of woody plant species. 
The same three soils were used. In an attempt to simulate natural 
acid rain conditions, the soils were mixed 2:1 with perlite, placed in 25 
cm, 6 1 plastic pots and placed on benches with the seedling transplant 
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study. The soils were left fallow for 27 weeks, and were watered and 
misted with an acid solution of pH 5.5, 4.0 or 2.5 when the tree seedlings 
were treated with acid solutions. Approximately 115 1 of acid solution 
were added to each soil during the pretreatment phase. After 27 weeks of 
treatment, the soils were mixed well and transferred from each 25 cm pot 
into eight 10 cm pots. 
The experiment was designed as a split plot with acid treatments ap­
plied to whole plots. The study was divided into 3 blocks along a north-
south drying gradient which existed during the pretreatment of the soil. 
There were 72 pots in each block. Only one species was sown in each pot. 
The variables selected for study were: 
Soil type: Dundas silt loam 
Hayden 1oam 
Luther loam 
Acid solutions: pH 5.5 (3.16 x 10"® g eq H"*" 1"^) 
pH 4.0 (1.00 X 10-4 G eq h"^ I'l) 
pH 2.5 (3.16 X  10-3 G  eq H"*" R ^ )  
Woody plants: eastern white pine {pinus strobus L.) 
red pine {Pinus resinosa Ait.) 
Norway spruce {picea abies (L.) Karst.) 
northern white cedar {Thuja ocddentaiis L.) 
black locust {Robinia pseudoacacia L.) 
green ash {Fraxinus pennsylvanica Marsh.) 
sycamore {piatanus ocddentaiis L.) 
amur honeysuckle {zonicera maackH Maxim) 
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Soil types and acid solutions were used in the seedling transplant 
study and are described in that section. 
The green ash seed was collected from a single open pollinated mother 
tree in October, 1981, in Ames, Iowa, U.S.A. (42°N, 93°39'W). The ash 
seed was stratified at 4°C until use. All other seed was obtained from 
stocks of seed at the Iowa State Conservation Commission Nursery (2402 S. 
Duff, Ames, lA). 
Germination tests on all species were done using moistened blotting 
paper before the acid treatments were started. Because of poor germination 
rate, 20 seeds each of green ash, sycamore, northern white cedar and amur 
honeysuckle were sown in the pots. All other species were sown at a rate 
of 10 seeds per pot. The seeds were lightly covered with vermiculite to 
prevent drying. 
The seeds were watered 3 times each week with 50 ml of the appropriate 
acid solution beginning November 1, 1982. Care was taken to insure that 
the seeds were not overwatered. Treatment continued until January 20, 
1983. 
The plants were germinated with bottom heat. They were automatically 
misted for 15 sec each hr with distilled water to prevent drying. Lights 
were on continually in an attempt to prevent cockroch damage, which proved 
to be a major problem. 
Number of germinated seeds was counted every day for the first 21 days 
of the study. This was reduced to once each week when the number of seed­
lings had stabilized. The seedlings were discarded at the end of the 
study. 
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Data Analysis 
Data from the seedling transplant study and the seed germination 
study were analyzed using the SAS ANOVA and GLM capabilities (Helwig and 
Council, 1979). Differences between soils were tested with Duncan's New 
Multiple Range Test (Steel and Torrie, 1980). The linearity of plant re­
sponse to the acid treatments was determined using the SAS GLM capabilities 
(Helwig and Council, 1979). 
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RESULTS 
Analysis of variance (ANOVA) tables for all independent variables are 
presented in the Appendix. Comparison between the three soil types using 
Duncan's Multiple Range Test are presented in the tables within this sec­
tion. 
Seedling Transplant Study 
The acidity of the mist solution significantly affected the growth 
and nutrient concentrations in the ash and maple seedlings. In general, 
the response to the acidity of the solution was not linear. The response 
of the seedlings to the change from pH 4.0 to 2.5 was more dramatic than 
the response to the change from pH 5.5 to 4.0. Soil type and preinfection 
of the roots with mycorrhizal fungi had little effect on most plant parame­
ters. Few two-way or three-way interactions were significant. 
Growth parameters 
The acidity of the mist solution significantly (P=0.010) affected the 
height of the ash seedlings within 4 weeks after the start of the acid 
treatment (Table 2). The average height of ash seedlings in the pH 2.5 
treatment at 4 weeks was 38 mm, in contrast to a height of 20 mm in the 5.5 
treatment, an increase of 90%. Ash seedlings misted with the pH 2.5 solu­
tion remained significnatly (P=0.028) taller than those misted with the pH 
5.5 solution through the tenth week of acid treatment. At 10 weeks, the 
average height of the ash seedlings in the pH 2.5 treatment was 128 mm, 
a 29% increase in height over the 100 mm height of seedlings in the pH 5.5 
treatment. The acid treatments had no significant effect on the height of 
the ash seedlings at weeks 12, 14, 16 or 18. Soil type also had no effect 
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Figure 6. Average (n=45) heights of green ash seedlings inoculated and not 
inoculated with spores of the mycorrhizal fungus Glomus etunica-
tum 
Table 2. Average (n=45) heights of green ash seedlings inoculated and not 
inoculated with spores of the mycorrhizal fungus Glomus etuni-
catum and misted with acid solutions diluted to pH 5.5, 4.0 or 
2.5 
Weeks of growth 
Treatment 2 4 6 8 10 12 14 16 18 
mm 
Inoculated 
pH 2.5 5 40 78 99 128 170 234 291 303 
pH 4.0 2 15 39 57 76 113 234 273 380 
pH 5.5 6 23 48 71 95 160 243 336 448 
Mean 4 26 54 74 97 148 219 300 377 
Not inoculated 
pH 2.5 3 36 73 103 129 198 240 288 344 
pH 4.0 1 13 37 51 80 121 197 292 413 
pH 5.5 1 17 45 69 103 169 268 362 446 
Mean 2 22 49 74 102 162 235 313 401 
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on the height of the ash seedlings. Ash seedlings preinfected with mycor-
rhizal fungi before planting into the acid-leached soils were significant­
ly (P=0.028) larger than uninoculated seedlings after 2 weeks, but were not 
significantly larger at 4 to 18 weeks (Figure 6, Table 2). At 18 weeks, 
the ash seedlings which were preinfected were 6% smaller than the uninocu­
lated ash seedlings, but this difference was not significant (P=0.476). 
The acidity of the mist solution significantly (P=0.001) affected the 
height of the maple seedlings within 4 weeks of the start of the acid 
treatment (Table 3). The average height of maple seedlings in the pH 2.5 
treatment at 4 weeks was 589 mm, in contrast to a height of 506 mm in the 
5.5 treatment, an increase of 16%. The acidity of the mist solution was a 
significant factor in seedling height between weeks 4 and 14. It was not 
significant at 18 weeks, 3 weeks after the maples had been cut, but was 
again significant at 20 weeks, 5 weeks after the cut. Soil type had no 
effect on the height of the maple seedlings. Maple seedlings preinfected 
with mycorrhizal fungi before planting into the acid-leached soils were 
significantly smaller than the uninoculated seedlings between weeks 2 and 
14 (Figure 7, Table 3). At 2 weeks, the preinfected maple seedlings were 
15% shorter than uninoculated seedlings (P=0.001). Uninoculated seedlings 
resprouted earlier than the preinfected seedlings, and height of the new 
growth on the uninoculated seedlings was significantly taller than the 
height of the preinfected seedlings at 18 and 20 weeks. 
Little change occurred in the height of the ash seedlings after 22 
weeks. The ash seedlings remained green and healthy, but the terminal bud 
became hard and the plant apparently became quiescent. Growth of the maple 
seedlings continued normally. 
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Figure 7. Average (n=45) heights of silver maple seedlings inoculated and 
not inoculated with spores of the mycorrhizal fungus Glomus 
etunicatum 
Table 3. Average (n=45) heights of silver maple seedlings inoculated and 
not inoculated with spores of the mycorrhizal fungus Glomus etu­
nicatum and misted with acid solutions diluted to pH 5.5, 4.0 or 
2.5 
Weeks of growth 
Treatment 2 4 6 8 10 12 14 18® 20 
mm 
Inoculated 
pH 2.5 458 564 714 846 1012 1229 1414 841 1236 
pH 4.0 433 508 604 684 795 1025 1218 786 1143 
pH 5.5 419 469 529 610 713 977 1183 803 1126 
Mean 436 508 599 696 821 1060 1261 810 1157 
: inoculated 
pH 2.5 530 614 762 880 1044 1262 1453 912 1351 
pH 4.0 517 562 660 758 921 1168 1384 925 1301 
pH 5.5 419 544 613 696 809 1064 1284 904 1258 
Mean 512 572 670 766 • 901 1145 1355 914 1281 
^Maple were cut at 15 weeks. Weeks 18 and 20 represent new growth. 
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At the end of the experiment, after 32 weeks of acid treatment, the 
heights of both the ash and maple seedlings were found to have been af­
fected by the acidity of the mist solution (Figure 8, Table 4). Ash seed­
lings in the pH 2.5 treatment were 32% shorter than the seedlings in the 
pH 5.5 treatment; however, this difference was not significant (P=0.069) 
at the 0.05 level. In contrast, maple seedlings misted with the pH 2.5 
solution were 14% taller than seedlings misted with the pH 5.5 solution 
(P=0.001). At 32 weeks, neither green ash nor silver maple seedling 
heights were affected by soil type and preinfection with mycorrhizal fungi. 
The diameter growth of the stems of ash and maple seedlings showed 
the same patterns of response to the acidity of the solution that the 
heights of the seedlings did (Figure 9, Table 5). After 32 weeks, the 
stems of ash misted with the pH 2.5 solution were significantly (P=0.023) 
narrower than those of ash treated with the pH 5.5 solution. The diameter 
of ash stems showed a linear response to the acid treatments. Maple stem 
diameter increased 23% in response to the increasing acidity of the mist 
solution (P=0.011). Soil type and preinoculation with mycorrhizal fungi 
had no effect on the stem diameter of either species. 
The number of leaves on the ash seedlings was not affected by the 
acidity of the mist solution, the soil type or preinoculation of the seed­
lings (Figure 10, Table 6). The number of leaves on the maple seedlings 
significantly (P=0.031) increased in the pH 2.5 treatment. There were 
39% more leaves on maple seedlings in the pH 2.5 treatment than in the pH 
5.5 treatment. Soil type and preinoculation had no effect on the number 
of leaves on the maple seedlings. 
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Figure 8. Average (n=30) heights of green ash and silver maple seedlings 
misted for 32 weeks with acid solutions diluted to pH 5.5, 4.0 
or 2.5 
Table 4. Average (n=30) heights of green ash and silver maple seedlings 
grown in Dundas silt loam, Hayden loam or Luther loam and misted 
for 32 weeks with acid solutions diluted to pH 5.5, 4.0 or 2.5 
Acidity of the solution 
Treatments 5.5 4.0 2.5 Mean^ 
Green ash 
Dundas silt loam 521 
Hayden 1oam 494 
Luther loam 398 
Mean 471 
Silver maple 
Dundas silt loam 2080 
Hayden 1oam 2077 
Luther loam 2049 
Mean 2069 
mm 
460 352 444 a 
364 285 386 a 
428 331 381 a 
417 322 
2063 2492 2211 b 
2083 2338 2166 b 
2018 2258 2108 b 
2054 2362 
^Values followed by a common letter do not differ significantly at the 
0.05 level (Duncan's Multiple Range Test). 
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seedlings misted for 32 weeks with acid solutions diluted to 
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Table 5. Average (n=30) stem diameters of green ash and silver maple 
seedlings grown in Dundas silt loam, Hayden loam or Luther loam 
and misted for 32 weeks with acid solutions diluted to pH 5.5, 
4.0 or 2.5 
Acidity of the solution r 
Treatment 5.5 4.0 2.5 Mean 
Green ash 
Dundas silt loam 92 
Hayden loam 87 
Luther loam 74 
Mean 84 
Silver maple 
Dundas silt loam 48 
Hayden loam 49 
Luther loam 48 
Mean 48 
mm 
81 66 80 a 
69 59 72 a 
72 66 71 a 
74 64 
47 58 52 b 
47 61 51 b 
42 59 50 b 
45 59 
Values followed by a common letter do not differ significantly at 
the 0.05 level (Duncan's Multiple Range Test). 
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Figure 10. Average (n=30) number of leaves on green ash and silver maple 
seedlings misted for 32 weeks with acid solutions diluted to 
pH 5.5, 4.0 or 2.5 
Table 6.. Average (n=30) number of leaves on green ash and silver maple 
seedlings grown in Dundas silt loam, Hayden loam or Luther loam 
and misted for 32 weeks with acid solutions diluted to pH 5.5, 
4.0 or 2.5 
. Acidity of the solution r 
Treatments 5.5 4.0 2.5 Mean 
Green ash 
Dundas silt loam 
Hayden loam 
Luther loam 
Mean 
mm 
22 
22 
18 
21 
20 
20 
21 
20 
19 
18 
19 
19 
21 a 
20 a 
19 a 
Silver maple 
Dundas silt loam 
Hayden loam 
Luther loam 
Mean 
73 
76 
75 
75 
74 
78 
74 
75 
104 
94 
111 
104 
87 b 
84 b 
83 b 
Values followed by a common letter do not differ significantly at 
the 0.05 level (Duncan's Multiple Range Test). 
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The leaf area on the ash seedlings significantly (P=0.026) decreased 
as the acidity of the misting solution increased (Figure 11, Table 7). 
Total leaf area on the ash was 35% less in the pH 2.5 treatment than in 
the pH 5.5 treatment. Soil type and preinoculation did not affect the ash 
seedling leaf area. The leaf area of the maple seedlings significantly 
(P=0.002) increased with increasing acidity. Maple seedlings in the pH 
2.5 treatment had 20% more leaf area than those in the pH 5.5 treatment. 
Soil type and preinoculation did not affect the leaf area of the maple 
seedlings. A two-way interaction between soil type and the acidity of the 
mist solution had a significant (P=0.039) effect on the leaf area of the 
maple seedlings. Increasing the acidity of the solution from pH 5.5 to 
2.5 resulted in a 29% increase in the leaf area of maple grown in Dundas 
silt loam, but only a 15% increase in the leaf area of maple grown in 
Luther loam. 
The dry weight of the leaves on the ash seedlings significantly (P= 
0.026) decreased as the acidity of the mist solution increased (Figure 12, 
Table 8). The dry weights of the ash leaves from the pH 2.5 treatment were 
26% lighter than the weights of the leaves from the pH 5.5 treatment. Soil 
type did not affect the dry weight of the ash leaves. Preinoculation did 
significantly (P=0.048) decrease the dry weight of the ash leaves. Unin-
oculated ash seedlings had a dry leaf weight of 12.78 g, while preinocu-
lated ash seedlings had a dry leaf weight of 10.52 g. The dry weight of 
the leaves from the maple seedlings significantly (P=0.026) increased as 
the acidity of the mist solution increased. The dry weight of the leaves 
from the maple seedlings in the pH 2.5 treatment was 24% greater than 
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Average (n=30) leaf area of green ash and silver maple seed­
lings misted for 32 weeks with acid solutions diluted to pH 
5.5, 4.0 or 2.5 
Table 7. Average (n=30) leaf area of green ash and silver maple seedlings 
grown in Dundas silt loam, Hayden loam or Luther loam and misted 
for 32 weeks with acid solutions diluted to pH 5.5, 4.0 or 2.5 
Treatment 5.5 
Green ash 
Dundas silt loam 2659 
Hayden loam 2388 
Luther loam 1900 
Mean 2316 
Silver maple 
Dundas silt loam 7014 
Hayden loam 7414 
Luther loam 7300 
Mean 7243 
Acidity of the solution 
4.0 2.5 Mean^ 
2290 1799 2250 a 
1789 1307 1828 ab 
1900 1420 1700 b 
2023 1509 
6631 9064 8091 c 
8244 8616 7570 c 
6808 8415 7507 c 
7227 8698 
Values followed by a common letter do not differ significantly at 
the 0.05 level (Duncan's Multiple Range Test). 
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Figure 12. Average (n=30) dry weight of the leaves on green ash and silver 
maple seedlings misted for 32 weeks with acid solutions diluted 
to pH 5.5, 4.0 or 2.5 
Table 8. Average (n=30) dry weight of the leaves on green ash and silver 
maple seedlings grown in Dundas silt loam, Haydèn loam or Luther 
loam and misted for 32 weeks with acid solutions diluted to pH 
5.5, 4.0 or 2.5 
Treatments 5.5 
Acidity of the solution 
4.0 2.5 Mean 
Green ash 
Dundas silt loam 
Hayden loam 
Luther loam 
Mean 
Silver maple 
Dundas silt loam 
Hayden loam 
Luther loam 
Mean 
15.5 
12.9 
11.7 
13.4 
33.8 
38.1 
37.0 
36.3 
11.3 
10.5 
13.2 
11.6 
34.4 
38.3 
34.9 
35.9 
12.4 
8.0  
9.4 
9.9 
49.0 
43.2 
43.1 
45.1 
13.1 a 
11.4 a 
10.4 a 
39.9 b 
39.1 b 
38.3 b 
Values followed by a common letter do not differ significantly at 
the 0.05 level (Duncan's Multiple Range Test). 
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the weight of the leaves from the pH 5.5 treatment. Soil type and prein-
oculation had no effect on the dry weight of the leaves of the maple seed­
lings. A significant (P=0.024) two-way interaction between soil type and 
preinoculation affected the dry weight of the leaves from the maple seed­
lings. The dry weight of the leaves of maple seedlings grown in Dundas 
silt loam increased 45% between the pH 5.5 treatment and the pH 2.5 treat­
ment. The dry weight of leaves grown in Luther loam increased only 16% 
in response to the increased acidity of the mist solution. Responses of 
seedlings grown in the Hayden loam fell between these two soil types. 
The dry weight of the stems of the ash seedlings significantly (P= 
0.053) decreased with the increasing acidity of the mist solution (Figure 
13, Table 9). Stems of ash seedlings misted with the pH 2.5 solution were 
35% lighter than the stems of seedlings misted with the pH 5.5 solution. 
Soil type and preinfection did not affect the dry weight of the stems of 
the ash seedlings. The dry weight of the stems of maple seedlings signifi­
cantly (P=0.001) increased with the increasing acidity of the mist solu­
tion. The stems of seedlings misted with the pH 2.5 solution were 26% 
heavier than the stems of those seedlings misted with the pH 5.5 solution. 
Soil type had no effect on the weight of maple seedling stems. The stem 
dry weight of uninoculated maple seedlings was significantly (P=0.031) 
greater than the stem dry weight of preinoculated seedlings. 
The dry weight of the roots of the ash seedlings was not significantly 
affected by acidity of the mist solution, soil type or preinfection of the 
roots (Figure 14, Table 10). The dry weight of the roots of the maple 
seedlings significantly (P=0.012) increased with the increasing acidity of 
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Figure 13. Average (n=30) dry weight of the stems of green ash and silver 
maple seedlings misted for 32 weeks with acid solutions di­
luted to pH 5.5, 4.0 or 2.5 
Table 9. Average (n=30) dry weight of the stems of green ash and silver 
maple seedlings grown in Dundas silt loam, Hayden loam or Luther 
loam and misted for 32 weeks with acid solutions diluted to pH 
5.5, 4.0 or 2.5 
Acidity of the solution 
Treatment 5.5 4.0 2.5 Mean^ 
Green ash 
Dundas silt loam 19.2 
Hayden loam 17.6 
Luther loam 12.3 
Mean 16.4 
Silver maple 
Dundas silt loam 28.4 
Hayden loam 30.4 
Luther loam 29.5 
Mean 29.4 
9 
14.8 11.9 15.3 a 
10.9 9.1 12.6 a 
12.8 11.1 12.1 a 
12.8 10.7 
26.6 43.5 32.8 b 
28.3 37.7 32.6 b 
28.7. 39.7 32.1 b 
27.9 40.3 
^Values followed by a common letter do not differ significantly at 
the 0.05 level (Duncan's Multiple Range Test). 
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Figure 14. Average (n=30) dry weight of the roots of green ash and silver 
maple seedlings misted for 32 weeks with acid solutions di­
luted to pH 5.5, 4.0 or 2.5 
Table 10. Average (n=30) dry weight of the roots of green ash and silver 
maple seedlings grown in Dundas silt loam, Hayden loam or Luther 
loam and misted for 32 weeks with acid solutions diluted to pH 
5.5, 4.0 or 2.5 
Treatments 5.5 
Acidity of the solution 
4.0 2.5 Mean 
Green ash 
Dundas silt loam 41.9 
Hayden loam 41.8 
Luther loam 33.0 
Mean 38.9 
Silver maple 
Dundas silt loam 16.0 
Hayden loam 16.5 
Luther loam 14.9 
Mean 15.8 
g 
35.8 35.9 37.9 a 
30.2 28.2 33.4 a 
34.5 30.6 32.7 a 
33.5 31.6 
13.6 20.6 17.2 b 
15.3 19.8 16.8 b 
15.0 20.6 16.7 b 
14.6 20.3 
^Values followed by a common letter do not differ significantly at 
the 0.05 level (Duncan's Multiple Range Test). 
72 
the mist solution. Roots of seedlings misted with pH 2.5 solution were 
23% larger than the roots of seedlings misted with the pH 5.5 solution. 
Soil type and preinfection of the roots did not affect the dry weight of 
maple seedling roots. 
The total dry weight of ash seedlings misted with the pH 2.5 solution 
was 24% less than the total dry weight of seedlings misted with the pH 5.5 
solution; however, this difference was not significant (Figure 15, Table 
11). Total dry weight of the ash was also not affected by soil type or 
preinfection of the roots. The total dry weight of the maple seedlings 
significantly (P=0.001) increased with increasing acidity of the mist solu­
tion. Maple seedlings in the pH 2.5 treatment were 23% heavier than seed­
lings in the pH 5.5 treatment. Soil type and preinfection of the roots did 
not affect the total weight of the maple seedlings. 
Stress parameters 
Diurnal variations in gas diffusion from the leaves of ash and maple 
seedlings after 32 weeks of treatment were affected by the various soil, 
preinoculation and acidity treatments at different sampling times through­
out the day (Table 12). Diffusion from ash leaves was significantly (P= 
0.001) affected by the soil type at the 9 a.m. sampling, with the leaves of 
the ash seedlings grown in Luther loam 84% more resistant to diffusion than 
leaves of seedlings grown in Hayden loam. At 12 noon, all treatments and 
and treatment interactions had a significant effect on the diffusion of 
gases from the ash leaves. The leaves of ash seedlings which had been 
misted with the pH 4.0 solution were 49% less resistant to movement of 
gases than were the leaves of seedlings misted with the pH 2.5 solution. 
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Figure 15. Average (n=30) total dry weight of green ash and silver maple 
seedlings misted for 32 weeks with acid solutions diluted to 
pH 5.5, 4.0 or 2.5 
Table 11. Average (n=30) total dry weight of green ash and silver maple 
seedlings grown in Dundas silt loam, Hayden loam or Luther loam 
and misted for 32 weeks with acid solutions diluted to pH 5.5, 
4.0 or 2.5 
Acidity of the solution 
Treatment 5.5 4.0 2.5 Mean^ 
Green ash 
Dundas silt loam 
Hayden loam 
Luther loam 
Mean 
Silver maple 
Dundas silt loam 
Hayden loam 
Luther loam 
Mean 
76.7 
72.2 
57.0 
68.6 
70.1 
85.0 
81.4 
81.5 
52.0 
58.3 
60.5 
58.0 
74.8 
81.0 
78.6 
78.4 
60.2  
45.4 
51.1 
52.2 
113.1 
100.8 
103.5 
105.8 
66.3 a 
56.4 a 
56.2 a 
89.2 b 
88.6 b 
87.8 b 
Values followed by a common letter do not differ significantly at 
the 0.05 level (Duncan's Multiple Range Test). 
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Table 12. Average (n=12) rates of diffusion of gases through the day from 
leaves of green ash and silver maple seedlings misted with acid 
solutions diluted to pH 5.5, 4.0 or 2.5 
Acidity of the solution 
Time of day 5.5 4.0 2.5 
Green ash sec 
6 a.m. 6.18 7.33 5.63 
9 a.m. 1.31 1.80 1.11 
12 noon • 1.02 0.85 1.68 
3 p.m. 1.55 1.91 1.56 
6 p.m. 3.98 3.42 3.69 
Silver maple 
6 a.m. 7.73 15.13 9.56 
9 a.m. 3.93 3.17 4.05 
12 noon 4.44 2.43 4.05 
3 p.m. 5.81 4.10 4.76 
6 p.m. 7.16 4.46 7.58 
The leaves misted with the pH 4.0 solution were 17% less resistant than 
leaves of seedlings misted with the pH 5.5 solution. Leaves of preinocu-
lated ash seedlings were 84% more resistant to gas movement than leaves of 
uninoculated seedlings. Leaves of seedlings grown in Hayden loam proved 
to be the least resistant of any soil type. 
Diffusion of gases from silver maple seedlings was not affected by 
soil type or preinoculation at any sampling time during the day. At 6 
a.m., the diffusion of gases from the leaves was significantly (P=0.050) 
affected by the acidity of the mist solution. Leaves of maple seedlings 
misted with the pH 4.0 solution were 36% more resistant to diffusion of 
gases than were leaves of seedlings misted with the pH 2.5 solution. Simi­
larly, leaves of seedlings treated wtih the pH 4.0 solution were 49% more 
resistant to diffusion than were leaves of seedlings misted with the pH 
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5.5 solution. Acidity of the mist solution was not significant during any 
other sampling period. 
The acidity of the mist solution and the soil type had no effect on 
the water potential within the leaves of the ash and maple seedlings after 
32 weeks of treatment (Table 13). Preinfection had no effect on the water 
potential within the leaves of the ash seedlings. The leaves of prein-
fected maple seedlings, however, were under significantly (P=0.017) less 
stress than uninoculated maple seedlings at the 6 a.m. sampling period. 
The leaves of preinoculated maple seedlings required 4.59 bars of external 
pressure to restore internal pressure, while uninoculated seedlings re­
quired 4.94 bars of external pressure. Preinoculation of the seedlings had 
no effect on the water potential in the leaves at the 9 a.m., 12 noon, 3 
p.m. or 6 p.m. sampling. 
Table 13. Average (n=12) water potential through the day within leaves of 
green ash and silver maple seedlings misted with acid solutions 
diluted to pH 5.5, 4.0 or 2.5 
.Acidity of the solution 
Time of day 5.5 4.0 2.5 
bars 
Green ash 
6 a.m. 
9 a.m. 
12 noon 
3 p.m. 
6 p.m. 
4.68 
15.50 
23.92 
23.74 
15.37 
4.32 
13.51 
21.02 
22.68 
13.94 
5.30 
17.94 
26.63 
27.47 
16.72 
Silver maple 
6 a.m. 
9 a.m. 
12 noon 
3 p.m. 
6 p.m. 
3.21 
5.04 
11.29 
13.49 
12.31 
4.58 
10.73 
10.78 
12.74 
11.66 
2.83 
7.80 
14.91 
18.59 
15.48 
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Examination of the leaf surfaces 
After 3 weeks of misting, small necrotic spots became visible on the 
leaves of the ash seedlings misted with the pH 2.5 solution. The necrosis 
appeared on the leaves just before full expansion, and did not increase in 
size or number once the leaves were fully expanded. Necrosis was not ob­
served on very young leaves. The leaves of ash seedlings misted with the 
pH 4.0 or 5.5 solutions did not develop necrotic spots, nor did the leaves 
of any of the maple seedlings. 
Leaves of the ash seedlings were studied with the electron microscope 
at the end of 32 weeks of acid treatment (Figure 16a, 16b). At high mag­
nification, the necrotic areas were found to be regions of collapsed, 
amorphous cells (Figure 16-1). The palisade layer of cells appeared to be 
more resistant to collapse than were the epidermal or spongy mesophyll lay­
ers of cells. The surface of the leaves misted with the pH 2.5 solution 
was covered with deep depressions. In at least 90% of the cases, the de­
pressions were centered around trichomes on the upper leaf surface (Figure 
16-2). No similar depressions were found on the surface of the leaves of 
the seedlings misted with the pH 5.5 solution (Figure 16-3). The cuticular 
wax on the surface of the leaves of seedlings misted with the pH 2.5 solu­
tion appeared to be worn in comparison to the leaves of seedlings misted 
with the pH 5.5 solution (Figure 16-4, 16-5). Cuticular ridges were less 
distinct and the epidermal cells were less well-defined on the leaves from 
the seedlings misted with the more acidic solution (Figure 16-4). Small 
white flecks over the surface of the leaves from the pH 2.5 treatment 
proved to be peeling wax. The edges of the collapsed tissue formed an 
Figure 16a. Scanning electron micrographs of adaxial surface and cross-
sectional views of leaves of green ash seedlings misted for 
32 weeks with acid solutions diluted to pH 5.5 or 2.5 
(1) Cross-sectional view of a leaf misted with the solution 
diluted to pH 2.5 showing a large area of collapsed 
tissue 
(2) Adaxial surface of a leaf misted with the solution di­
luted to pH 2.5. Deep irregular depressions surround 
the majority of the trichômes (T) 
(3) Adaxial surface of a leaf misted with the solution di­
luted to pH 5.5. Note the absence of deep depressions 
around the trichômes 
(4) Stereo pair of the adaxial surface of a leaf misted with 
the solution diluted to pH 2.5. The white flakes are 
layers of cuticular wax peeling away from the leaf 
surface 
(5) Stereo pair of the adaxial surface of a leaf misted with 
the solution diluted to pH 5.5. Note the more distinct 
outline of the epidermal cells and the more numerous 
cuticular ridges 

Figure 16b. Light microscope and scanning electron micrographs of adaxial 
surface and cross-sectional views of leaves of green ash seed­
lings misted for 32 weeks with an acid solution diluted to pH 
2.5 
(6) Deep, irregularly-shaped area of collapsed leaf tissue 
centered around a trichome (T) on the adaxial surface 
(7) Light microscope micrograph of two regions of collapsed 
tissue stained with safranin and chlorazol black E. The 
dark regions ring the collapsed tissue 
(8) Cross-sectional view of the edge of an area of collapsed 
tissue. Several enlarged wound cells (WC) border the 
collapsed tissue 
(9), (10), (11) Light microscope micrographs of three stages 
in the development of collapsed regions of tissue. The 
spread of damage is indicated by the increasing number 
of wound cells (WC) 
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irregular, but abrupt, boundary (Figure 16-6). When stained with safranin 
and chlorazol black E, the cells bordering the collapsed tissue were found 
to stain with the chlorazol black E, rather than the safranin which stained 
the unaffected leaf cells (Figure 16-7). These black-staining cells were 
much larger and amorphous compared to normal leaf cells (Figure 16-8). The 
large "wound cells" surrounded very large lesions, but formed a solid mass 
under small lesions and under some epidermal tissue with no visible surface 
damage (Figure 16-9, 16-10, 16-11). 
Nutrient concentrations in seedling tissue 
Nitrogen concentrations in the leaves, stems and roots of both the ash 
and maple seedlings increased as the acidity of the mist solution increased 
(Tables 14, 15, 16). Nitrogen concentrations in the ash seedlings misted 
with the pH 2.5 solution increased 18% in the leaves (P=0.006), 30% in the 
stems (P=0.001) and 35% in the roots (P=0.001) compared to the nitrogen 
concentrations in the tissue of the seedlings misted with the pH 5.5 solu­
tion. Soil type had no effect on the nitrogen concentration in the leaves 
and stems of the ash seedlings, but did significantly (P=0.048) affect the 
nitrogen concentration in the roots. Roots of seedlings grown in Luther 
loam contained less nitrogen than roots of seedlings grown in Dundas silt 
loam, while roots of seedlings grown in Hayden loam contained more nitro­
gen (Table 16). Preinoculation had no effect on the nitrogen concentration 
in the leaves, stems or roots of the ash seedlings. Nitrogen concentra­
tions in the maple seedlings misted with the pH 2.5 solution increased 32% 
in the leaves (P=0.001), 24% in the stems (P=0.003) and 25% in the roots 
(P=0.014) compared to the nitrogen concentrations in the tissue of the 
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Table 14. Average (n=30) concentrations of Kjeldahl nitrogen, phosphorus, 
potassium, calcium and iron in the leaves of green ash and sil­
ver maple seedlings grown in Dundas silt loam, Hayden loam or 
Luther loam and misted for 32 weeks with acid solutions diluted 
to pH 5.5, 4.0 or 2.5 
Green ash - Silver maple 
Treatment 5.5 4.0 2.5 5.5 4.0 2.5 
or 0/ 
Kjeldahl nitrogen 
to 10 
Dundas silt loam . 1.85 1.87 2.24 1.47 1.55 1.85 
Hayden loam 1.89 1.98 2.23 1.52 1.40 2.15 
Luther loam 1.96 1.80 2.18 1.42 1.38 1.88 
Mean 1.90 1.88 2.22 1.47 1.44 1.96 
, 
v9/ 9 1^9/ 9 
Phosphorus 
Dundas silt loam 2352 2667 1880 2977 3705 2175 
Hayden loam 2044 2186 1823 2774 2995 2105 
Luther loam 2094 1858 1773 2928 2891 1988 
Mean 2163 2237 1825 2893 3197 2089 
Potassium 
Dundas silt loam 5473 6464 4998 6138 7507 6188 
Hayden loam 6428 6295 5705 7565 . 7132 7199 
Luther loam 5875 5619 6364 7032 6963 5807 
Mean 5925 6126 5689 6911 7201 6398 
Calcium 
Dundas silt loam 8912 7580 8000 8010 8300 7050 
Hayden loam 8740 7200 8790 8280 8080 7940 
Luther loam 7000 7730 7550 6620 7297 6850 
Mean 8217 7503 8113 7637 7892 7280 
Iron® 
Concentration of iron in the leaves of green ash and silver maple 
ranged from approximately 1140 to 1290 ug/g. These concentrations in the 
digested leaves were below the level of sensitivity of the atomic absorp­
tion spectrophotometer. 
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Table 15. Average (n=30) concentrations of Kjeldahl nitrogen, phosphorus 
and potassium in the stems of green ash and silver maple seed­
lings grown in Dundas silt loam, Hayden loam or Luther loam and 
misted for 32 weeks with acid solutions diluted to pH 5.5, 4.0 
or 2.5 
• Green ash - Silver maple 
Treatment 5.5 4.0 2.5 5.5 4.0 2.5 
0/ ot 
Kjeldahl nitrogen 
IQ IQ 
Dundas silt loam 0.68 0.65 0.95 0.59 0.57 0.67 
Hayden loam 0.70 0.76 0.94 0.52 0.56 0.69 
Luther loam 0.80 0.79 0.96 0.55 0.54 0.67 
Mean 0.73 0.73 0.95 0.55 0.56 0.68 
, 
ng/g ug/g • 
Phosphorus 
Dundas silt loam 1102 1291 1436 1154 1333 1112 
Hayden loam 1144 1441 1459 1105 1062 1028 
Luther loam 1372 1291 1591 1022 1229 986 
Mean 1206 1341 1495 1094 1208 1042 
Potassium 
Dundas silt loam 2016 1953 2254 2159 1858 2153 
Hayden loam 2327 2143 2324 2327 1991 1628 
Luther loam 2067 2223 2213 1882 1822 2296 
Mean 2137 2106 2264 2123 1890 2026 
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Table 16. Average (n=30) concentrations of Kjeldahl nitrogen, phosphorus 
and potassium in the roots of green ash and silver maple seed­
lings grown in Dundas silt loam, Hayden loam or Luther loam and 
misted for 32 weeks with acid solutions diluted to pH 5.5, 4.0 
or 2.5 
Treatment 
Kjeldahl nitrogen 
Dundas silt loam 
Hayden loam 
Luther loam 
Mean 
Green ash -
5.5 4.0 2.5 
Of 
1.09 
to 
1.01 1.37 
1.10 1.12 1.58 
1.06 0.99 1.44 
1.08 1.04 1.46 
Silver maple 
5.5 4.0 2.5 
Of 
0.96 0.94 1.11 
0.87 0.87 1.17 
0.85 0.83 1.06 
0.89 0.88 1.11 
yg/g vg/g 
Phosphorus 
Dundas silt loam 1814 1949 1916 2425 2537 2322 
Hayden loam 1769 2036 1835 2362 2506 2146 
Luther loam 1914 1831 1825 2292 2510 2127 
Mean 1832 1939 1859 2360 • 2518 2198 
Potassium 
Dundas silt loam 3574 4529 3307 3034 2954 2610 
Hayden loam 4756 4944 5657 2572 2827 3601 
Luther loam 3841 6016 4434 2925 3538 2489 
Mean 4057 5163 4466 2844 3016 2900 
seedlings misted with the pH 5.5 solution. Soil type had no effect on the 
nitrogen concentration in the leaves and stems of the maple seedlings, but 
did significantly (P=0.014) affect the nitrogen concentration in the roots. 
As with the ash roots, the nitrogen concentration was greater in roots of 
seedlings grown in Hayden loam than in roots of seedlings grown in Dundas 
silt loam and lower in roots of seedlings grown in Luther loam. Preinocu-
lation had no effect on the nitrogen concentration in the leaves, stems 
or roots of the maple seedlings. 
The concentration of phosphorus in the leaves of both the ash and 
maple seedlings significantly (P=0.054, P=0.001, respectively) decreased 
with the increase in the acidity of the mist solution (Table 14). Phos­
phorus concentrations decreased 16% in the ash leaves and 28% in the maple 
leaves from seedlings exposed to the, pH 2.5 solution compared to leaves 
from those exposed to the pH 5.5 solution. The concentration of phosphorus 
in the ash roots was unaffected by the acidity of the mist solution, but 
stems of ash seedlings in the pH 2.5 treatment increased 24% compared to 
the stems of the ash seedlings in the pH 5.5 treatment (Tables 15, 16). 
Phosphorus concentrations in the stems of the maple seedlings were unaf­
fected by the acidity of the mist solution, but the roots of maple seed­
lings decreased 7% in the roots of maple in the pH 2.5 treatment compared 
to the maple in the pH 5.5 treatment (P=0.012). Soil type significantly 
affected the phosphorus concentration in the leaves (P=0.002) of the ash 
seedlings, and in the leaves (P=0.034), stems (P=0.048) and roots (P=0.034) 
of the maple seedlings. In every case, seedlings grown in Dundas silt 
loam had a higher phosphorus content than those grown in Luther loam. 
86 
Preinoculation had no effect on the phosphorus concentrations in the ash 
and maple seedlings. 
The concentration of potassium in the leaves, stems and roots of the 
ash and maple seedlings was unaffected by the acidity of the mist solution 
or by preinoculation (Tables 14, 15, 16). The roots of ash seedlings grown 
in Dundas silt loam were significantly (P=0.014) lower in potassium than 
the roots of seedlings grown in Hayden loam or Luther loam. The leaves 
and stems of the ash seedlings and the leaves, stems and roots of the maple 
seedlings were not affected by the soil type. Preinoculation had no effect 
on the potassium concentrations in the seedlings. 
Calcium concentrations in the leaves of the ash and maple seedlings 
were not affected by the acidity of the mist solution, soil type or pre­
inoculation (Table 14). 
Iron concentrations in the leaves of ash and maple seedlings ranged 
from 1140 to 1290 ppm. This represents a range of 3.4 to 4.2 ppm in the 
digest solution. Because of the variability in the atomic absorption spec­
trophotometer output, the small amount of leaf tissue originally digested, 
and the large dilution factors involved, attempts to analyze the iron data 
were judged to be meaningless. 
Effect on soil 
Acidity, number of microorganisms, number of spores of mycorrhizal 
fungi and concentrations of Kjeldahl nitrogen, phosphorus, potassium, cal­
cium and iron were determined at the start of the study, after 20 weeks of 
watering with the acid solutions and after 52 weeks of watering with the 
acid solutions. The soils were significantly different from one another at 
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the start of the study, at 20 weeks and at 52 weeks. Acidity of the mist 
solution and preinoculation did not affect most soil characteristics. 
The pH of the misting solution had a significant (P=0.001) effect on 
the pH of the soils (Table 17). The acidity of soils watered with pH 5.5 
or 4.0 solutions did not change during the 52 weeks of the experiment. 
The acidity of the soils watered with pH 2.5 solutions increased 0.4 pH 
units from about pH 5.1 to pH 4.7 in 20 weeks. During the remaining 32 
weeks of the study, the acidity of the soil increased an additional 0.4 pH 
units. Soil type also had a significant (P=0.001) effect on the measured 
acidity. Dundas silt loam was consistently less acidic than Hayden loam 
or Luther loam. 
Numbers of fungi and bacteria in the soil were significantly (P=0.041, 
P=0.050) affected by the acidity of the watering solutions after 20 weeks, 
but were not affected after 52 weeks of treatment (Tables 18, 19, 20). The 
number of fungi in soil watered with pH 2.5 solutions was greater than the 
number in soil watered with pH 5.5 solutions. In contrast, the number of 
bacteria decreased in soil watered with the pH 2.5 solutions. Tree spe­
cies had a significant effect on the numbers of bacteria and fungi in the 
soil, with the maple seedlings having fewer fungi and bacteria in the as­
sociated soil than were associated with the ash seedlings. The number of 
spores of mycorrhizal fungi was not significantly affected by acidity of 
the solution or by preinoculation (Table 21). Significantly (P=0.001) 
fewer spores were found associated with the ash seedlings than with the 
maple seedlings. Dundas silt loam contained fewer mycorrhizal fungal 
spores than either Hayden loam or Luther loam. Examination of the roots 
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Table 17. Acidity of Dundas silt loam, Hayden loam and Luther loam after 
0, 20 and 52 weeks of watering with acid solutions diluted to 
pH 5.5, 4.0 or 2.5 
Weeks of treatment 
0 20 52 
Ash Maple Mean 
Dundas silt loam 
pH 5.5 
pH 4,0 
pH 2.5 
5.20 
5.21 
4.79 
5.17 
5.36 
4.45 
5.34 
5.30 
4.27 
5,25 
5,33 
4,36 
Mean 5.26 a""" 5.07 a 4,99 a 4.97 a M " 
Hayden loam 
pH 5.5 4.90 4.92 4.98 4.98 
pH 4.0 4.82 4.88 4.90 4.89 
pH 2.5 4.53 4.32 4.21 4.26 
Mean 4.95 b 4.75 b 4.71 b 4.70 b m» — 
Luther loam 
pH 5.5 4.93 5,16 5.03 5.10 
pH 4.0 4.96 5.05 5.20 5.12 
pH 2.5 4.66 4.31 4.16 4.24 
Mean 5.07 c 4.85 b 4.84 c 4.80 b « mm 
^Values in columns followed by a common letter do not differ signifi­
cantly at the 0.05 level (Duncan's Multiple Range Test). 
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Table 18. Log number of fungi in Dundas silt loam, Hayden loam and Luther 
loam after 0, 20 and 52 weeks of watering with acid solutions 
diluted to pH 5.5, 4.0 or 2.5 
Weeks of treatment 
0 20 52 
Ash Maple Mean 
log #/g dry soil 
Dundas silt loam 
pH 5.5 
pH 4.0 
pH 2.5 
4.0513 
4.5060 
4.3406 
4.1988 
4.1114 
4.3384 
4.0758 
3.9458 
4.0309 
4.1373 
4.0286 
4.1846 
Mean 5. 1408 a"^ 4.2993 a 4.2162 a 4.0175 a — — 
Hayden loam 
pH 5.5 
pH 4.0 
pH 2.5 
4.5892 
4.6228 
4.6826 
4.7534 
4.2250 
3.9917 
• 4.1514 
4.7080 
4.3244 
4.4524 
4.4665 
4.1580 
Mean 5. 0192 a 4.6315 b 4.3233 a 4.3946 a — -
Luther loam 
pH 5.5 
pH 4.0 
pH 2.5 
4.2889 
4.6081 
4.5863 
5.0065 
4.9876 
5.2267 
4.5448 
3.8003 
4.3171 
4.7756 
4.3940 
4.7719 
Mean 5. 1617 a 4.4944 ab 5.0736 b 4.2207 a — -
4» 
Values in columns followed by a common letter do not differ signifi­
cantly at the 0.05 level (Duncan's Multiple Range Test). 
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Table 19, Log number of bacteria (grown on nutrient agar) in Dundas silt 
loam, Hayden loam and Luther loam after 0, 20 and 52 weeks of 
watering with acid solutions diluted to pH 5.5, 4.0 or 2.5 
Weeks of treatment 
20 52 
Ash Maple Mean 
log #/g dry soil 
Dundas silt loam 
pH 5,5 6.6281 6.7956 6.1898 6.4927 
pH 4.0 6.6914 6.6652 6.4028 6.5340 
pH 2.5 6.3655 5.9376 5.4967 5.7172 
Mean 7V5i54 a^ 6.5617 a 6.4662 a 6.0297 a 
Hayden loam 
pH 5.5 6.5744 6.9852 6.2226 6.6039 
pH 4.0 6.4733 6.3768 7.0562 6.7165 
pH 2.5 6.4431 5.8759 5.7886 5.8322 
Mean 7.3253 a 6.4969 a 6.4126 a 6.3558 b 
Luther loam 
pH 5.5 6.4523 6.8726 6.2660 6.5693 
pH 4.0 6.3818 6.6280 6.4077 6.5178 
pH 2.5 6.3947 6.0678 5.6971 5.8824 
Mean 7.4900 a 6.4096 a 6,4600 a 6.1236 ab 
^Values in columns followed by a common letter do not differ signifi­
cantly at the 0.05 level (Duncan's Multiple Range Test). 
91 
Table 20. Log number of bacteria (grown on egg albumin agar) in Dundas 
silt loam, Hayden loam and Luther loam after 52 weeks of water­
ing with acid solutions diluted to pH 5.5, 4.0 or 2.5 
Ash Maple Mean 
- log #/g dry soil -
Dundas silt loam 
pH 5.5 6.6930 6.5080 6.6005 
pH 4.0 6.7650 6.6962 6.7306 
pH 2.5 6.3242 5.2994 5.8118 
Mean 6.5941 a+ 6.1679 a - -
Hayden loam 
pH 5.5 6.8796 6.5834 6.7315 
pH 4.0 6.7536 7.1708 6.9622 
pH 2.5 6.3405 5.3889 5.8647 
Mean 6.6579 a 6.3811 a —  -
Luther loam 
pH 5.5 6.8516 6.5144 6.6830 
pH 4.0 7.0498 6.5619 6.8058 
pH 2.5 6.0037 5.0713 5.5375 
Mean 6.6350 a 6.0492 a —  -
i* Values in columns followed by a common letter do not differ signifi­
cantly at the 0.05 level (Duncan's Multiple Range Test). 
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Table 21. Number of spores of mycorrhizal fungi in Dundas silt loam, 
Hayden loam and Luther loam after 52 weeks of watering with 
acid solutions diluted to pH 5.5, 4.0 or 2.5 
Ash Maple Mean 
#/100 cc soil 
Dundas silt loam 
pH 5.5 119 162 140 
pH 4.0 146 137 141 
pH 2.5 106 323 215 
Mean 123 207 165 a"*" 
Hayden loam 
pH 5.5 346 550 448 
pH 4.0 242 694 468 
pH 2.5 555 1044 800 
Mean 381 762 572 b 
Luther loam 
pH 5.5 530 504 517 
pH 4.0 393 587 490 
pH 2.5 534 839 687 
Mean 486 643 564 b 
^Values in columns followed by a common letter do not differ signifi­
cantly at the 0.05 level (Duncan's Multiple Range Test). 
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for fungal infection found that all seedlings, both preinoculated and un-
inoculated, were moderately infected. 
Concentrations of Kjeldahl nitrogen, phosphorus, potassium, calcium 
and iron in the three soils at the start of the study, after 20 weeks and 
after 52 weeks differed significantly (Tables 22, 23, 24, 25, 26). In gen­
eral, Hayden loam was the most fertile soil and Dundas silt loam was the 
least fertile soil. Preinoculation had no effect on soil fertility. 
Acidity of the solutions had no effect on Kjeldahl nitrogen, phospho­
rus or potassium after 20 weeks of treatment (Tables 22, 23, 24). Calcium 
significantly decreased (P=0.047) in the soils misted with pH 2.5 solutions 
after 20 weeks of treatment (Table 25). Iron significantly (P=0.006) in­
creased in the soils misted with pH 2.5 solutions after 20 weeks of treat­
ment (Table 26). 
After 52 weeks of treatment, the increasing acidity of the solutions 
caused significant increases in Kjeldahl nitrogen (P=0.045) and iron (P= 
0.013). The increasing acidity of the solutions caused a significant (P= 
0.028) decrease in potassium concentrations. Phosphorus and calcium con­
centrations were unaffected by acidity of the solutions after 52 weeks of 
treatment. The tree species associated with the soils had a significant 
effect on the concentrations of phosphorus, potassium and calcium (Tables 
23, 24, 25). Soils associated with ash seedlings contained 41% less phos­
phorus, 6% more potassium and 1% more calcium than soils associated with 
maple seedlings. 
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Table 22. Concentration of Kjeldahl nitrogen in Dundas silt loam, Hayden 
loam and Luther loam after 0, 20 and 52 weeks of watering with 
acid solutions diluted to pH 5.5, 4.0 or 2.5 
Weeks of treatment 
20 52 
Ash Maple Mean 
yg/g dry soil 
Dundas silt loam 
pH 5.5 
pH 4.0 
pH 2.5 
Mean 1381 a^ 
1158 1254 1219 1230 
1171 1176 1166 1171 
1233 1199 1189 1194 
1187 a 1206 a 1191 a 1198 a 
Hayden loam 
pH 5.5 1384 1439 1402 1420 
pH 4.0 1367 1308 1290 1299 
pH 2.5 1442 1488 1549 1499 
Mean 1544 b 1397 b 1399 b 1414 b 1406 b 
Luther loam 
pH 5.5 1264 1348 1174 1261 
pH 4.0 1282 1212 1288 1256 
pH 2.5 1372 1314 1300 1307 
Mean 1272 a 1305 ab 1292 a 1258 a 1275 a 
i* Values in columns followed by a common letter do not differ signifi­
cantly at the 0.05 level (Duncan's Multiple Range Test). 
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Table 23. Concentration of phosphorus in Dundas silt loam, Hayden loam 
and Luther loam after 0, 20 and 52 weeks of watering with acid 
solutions diluted to pH 5.5, 4.0 or 2.5 
Weeks of treatment 
20 52 
Ash Maple Mean 
yg/g dry soil 
Dundas silt loam 
pH 5.5 6 22 35 29 
pH 4.0 7 21 37 29 
pH 2.5 7 24 42 33 
Mean 9 a^ 7 a 22 a 38 a 30 a 
Hayden loam 
pH 5.5 6 19 34 26 
pH 4.0 6 20 34 27 
pH 2.5 6 22 37 30 
Mean 6 b 6 b 20 b 35 a 28 b 
Luther loam 
pH 5.5 5 19 27 23 
pH 4.0 5 16 31 23 
pH 2.5 5 20 38 29 
Mean 5 b 5b 18 b 32 a 25 b 
*î* Values in columns followed by a common letter do not differ signifi­
cantly at the 0.05 level (Duncan's Multiple Range Test). 
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Table 24. Concentration of potassium in Dundas silt loam, Hayden loam and 
Luther loam after 0, 20 and 52 weeks of watering with acid solu­
tions diluted to pH 5.5, 4.0 or 2.5 
Weeks of treatment 
20 52 
Ash Maple Mean 
yg/g dry soil-
Dundas silt loam 
pH 5.5 37 50 51 51 
pH 4.0 37 53 53 53 
pH 2.5 34 52 45 49 
Mean 45 a^ 36 a 52 a 50 a 51 a 
Hayden loam 
pH 5.5 47 63 58 61 
pH 4.0 45 61 57 59 
pH 2.5 45 60 56 58 
Mean 57 b 46 b 62 b 57 b 59 b 
Luther loam 
pH 5.5 45 60 58 59 
pH 4.0 45 61 58 60 
pH 2.5 44 57 53 55 
Mean 58 b 44 b 59 b 56 b 58 b 
"f* Values in columns followed by a common letter do not differ signifi­
cantly at the 0.05 level (Duncan's Multiple Range Test). 
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Table 25. Concentration of calcium in Dundas silt loam, Hayden loam and 
Luther loam after 0, 20 and 52 weeks of watering with acid solu­
tions diluted to pH 5.5, 4.0 or 2.5 
Weeks of treatment • 
0 20 52 
Ash Maple Mean 
yg/g dry soil 
Dundas silt loam 
pH 5.5 
pH 4.0 
pH 2.5 
433 
406 
371 
324 
322 
347 
305 
306 
333 
315 
314 
340 
Mean 280 a"'" 430 a 333 a 315 a 324 a 
Hayden loam 
pH 5.5 
pH 4.0 
pH 2.5 
395 
364 
358 
400 
404 
374 
358 
370 
386 
379 
387 
380 
Mean 218 b 372 a 393 b 372 b 382 b 
Luther loam 
pH 5.5 
pH 4.0 
pH 2.5 
413 
407 
423 
367 
404 
365 
342 
350 
357 
355 
377 
361 
Mean 230 b 414 a 379 b 350 ab 364 b 
Values in columns followed by a common letter do not differ signifi­
cantly at the 0.05 level (Duncan's Multiple Range Test). 
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Table 26. Concentration of iron in Dundas silt loam, Hayden loam and 
Luther loam after 0, 20 and 52 weeks of watering with acid 
solutions diluted to pH 5.5, 4.0 or 2.5 
Weeks of treatment 
20 52 
Ash Maple Mean 
wg/g dry soil 
Dundas silt loam 
pH 5.5 8 9 9 9 
pH 4.0 8 10 9 10 
pH 2.5 10 12 12 12 
Mean 8 a^ 9a 11 a 10 a 10 a 
Hayden loam 
pH 5.5 13 14 13 14 
pH 4.0 15 15 16 15 
pH 2.5 16 18 15 16 
Mean 13 b 14 b 16 b 15 b 15 b 
Luther loam 
pH 5.5 13 17 15 16 
pH 4.0 14 15 14 14 
pH 2.5 16 19 18 19 
Mean 15 b 14 b 17 b 16 b 16 b 
Values in columns followed by a common letter do not differ signifi­
cantly at the 0.05 level (Duncan's Multiple Range Test). 
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Seed Germination Study 
The germination rate of the seeds varied significantly (P=0.001)- be­
cause of species throughout the study (Table 27). The germination of black 
locust averaged 76%, wliile less than 1% of the green ash seeds germinated. 
Laboratory tests for germination rates found greater than 50% germination 
with all species. 
Treatments had a significant effect on seed germination only during 
the first 2 weeks of the study. On days 7 and 11 after planting, germina­
tion was greater among the seeds watered with pH 4.0 solutions than seeds 
watered with pH 2.5 or 5.5 solutions. 
Considerable damage occurred to the seedlings during the study because 
of cockroaches. All seedling mortality could be attributed to cockroach 
damage. 
Table 27. Average (n=9) germination and survival rates of eight species of hardwood and conifer trees 
watered with acid solutions diluted to pH 5.5, 4.0 or 2.5 
Days after planting 
Treatment 
Germina­
il 13 16 18 20. 23 25 27 30 32 34 37 39 44 51 72 tion 
pH 5.5 
Green ash 
Honeysuckle 
Black locust 
Norway spruce 
Red pine 
Sycamore 
White cedar 
White pine 
pH 4.0 
Number of seedlings 
0 
0 
4 
0 
0 
0 
0 
0 
0 
0 
5 
0 
0 
0 
0 
0 
0 
0 
7 
1 
0 
1 
0 
0 
0 
0 
7 
2 
1 
2 
1 
0 
0 
0 
7 
2 
2 
2 
3 
1 
0 
2 
7 
2 
3 
3 
5 
2 
0 
3 
7 
2 
3 
3 
5 
2 
0 
4 
7 
2 
3 
3 
5 
3 
0 
5 
7 
2 
3 
3 
6 
3 
0 
4 
7 
2 
3 
3 
7 
3 
0 
6 
7 
2 
3 
3 
6 
3 
0 
5 
7 
2 
3 
3 
6 
3 
0 
5 
7 
2 
3 
3 
5 
3 
1 
5 
7 
2 
3 
3 
5 
3 
1 
5 
7 
2 
3 
3 
5 
3 
1 
5 
7 
2 
3 
3 
5 
3 
1 
5 
7 
2 
3 
3 
5 
3 
1 
5 
7 
2 
3 
3 
5 
3 
1 
5 
7 
2 
3 
3 
5 
3 
- % -
5.0 
30.0 
70.0 
.20.0 
30.0 
15.0 
35.0 
30.0 
Green ash- 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 5.0 
Honeysuckle 0 0 0 0 1 3 5 6 6 6 7 . 7 7 6 5 5 5 5 5 35.0 
Black locust 4 7 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 80.0 
Norway spruce 0 0 1 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 30.0 
Red pine 0 0 0 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 20.0 
Sycamore 0 0 2 3 3 4 4 4 4 4 4 4 4 4 4 4 4 3 3 15.0 
White cedar 0 0 0 2 3 6 6 6 6 6 6 6 6 6 6 6 6 6 5 30.0 
White pine 0 0 0 0 1 2 3 4 4 4 4 4 4 4 4 . 4 4 4 4 40.0 
pH 2.5 
Green ash 0000000000000000000 0.0 
Honeysuckle 0000134 556676666666 35.0 
Black locust 4677777777777777777 70.0 
Norway spruce 001 3444444444444444 40.0 
Red pine 0000233333333333332 20.0 
Sycamore 0001222222222222222 10.0 
White cedar 0002467776666666666 35.0 
White pine 0000012344444444444 40.0 
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DISCUSSION 
The effect that acid precipitation has on a particular plant or soil 
is modified by the interaction of many biotic and abiotic conditions. Be­
cause these factors often cannot be identified or separated, field studies 
based on the historical productivity of an area or a comparison of several 
widely separated sites under different acid rain conditions are difficult 
to interpret. Controlled environment research, either in the greenhouse or 
growth chamber, appears to be the most useful technique in acid rain re­
search despite such criticisms as elimination of too many variables, being 
too short-term, and creating overly harsh conditions. Although results are 
difficult to apply to field situations, current knowledge about acid rain 
effects is so incomplete that highly controlled studies are needed to form 
a basis to interpret field observations. 
Unfortunately, no standard procedures have been adopted as guidelines 
for studying acid rain under controlled conditions. Comparisons between 
experiments are, therefore, difficult to make. This research project was 
designed to copy field conditions as closely as possible while working 
within the limitations of available equipment and greenhouse conditions. 
The acidities of the misting solutions were within the range reported for 
single-rain events, and the ratio of SO^" to NO3 used in the mist resembles 
the ratio reported from the northeastern United States. Soil, rather than 
a soilless mix, was used because such properties as nutrient availability 
and acidity could be expected to respond differently in reactions to acid 
rain. Hopefully, other conditions, such as the misting procedures and the 
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fertilization practices were not so contrived that the results cannot be 
used to predict field responses. 
It is important to remember that the soil was fertilized regularly, 
although at much lower levels than is normally practiced in the greenhouse. 
All seedlings were also infected with mycorrhizal fungi, which should have 
improved the utilization of the lower levels of available nutrients. 
Effect on Plants 
Based on previous studies, plant responses to acid rain can be grouped 
into four broad categories: effects on growth parameters; development of 
foliar lesions; effects on the concentration of nutrients in plant tissues; 
and effects on seed germination. 
Effects of acidity on growth parameters 
Application of the pH 2.5 solution stimulated the growth of both ash 
and maple seedlings within 4 weeks after the start of treatment. Soil 
analyses indicated a low fertility at the time the seedlings were trans­
planted. The rapid response of the seedlings to the treatment, therefore, 
suggests that the pH 2.5 solution was acting as a fertilizer. The pH 2.5 
solution contained lOOx as much nitrogen and sulfur as the pH 5.5 solution, 
and 25x as much as the pH 4.0 solution. An increase in available nitrogen 
and sulfur would increase protoplasm, enzyme, structural protein and chlo­
rophyll synthesis, and, consequently, increase carbohydrate synthesis and 
growth (Kramer and Kozlowski, 1979). 
The silver maple seedlings misted with the pH 2.5 solution remained 
larger than seedlings in the less acidic treatments after 32 weeks. The 
beneficial effects of the additional nitrogen and sulfur were not offset 
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by damage from the high H"*" ion content of the pH 2.5 solution. Acid rain 
has previously been shown to stimulate the growth of eastern white pine 
and Scotch pine (Wood and Bormann, 1977; Tviete and Abrahamsen, 1980). The 
lack of a growth response to the pH 4.0 treatment by the silver maple seed­
lings was not surprising if the growth stimulation was due to the addition­
al nitrogen and sulfur supplied by the mist solution. Only 4x as much ni­
trogen and sulfur was supplied by the pH 4.0 solution compared to the pH 
5.5 solution, in contrast to the large increase in the nitrogen and sulfur 
content of the pH 2.5 solution. 
The area and dry weight of the leaves of the maple seedlings were af­
fected by a soil-acid interaction. The growth increase due to the in­
creased acidity was twice as large in the seedlings grown in Dundas silt 
loam compared to the growth increase in seedlings grown in Hayden loam and 
Luther loam. Since Dundas silt loam was the least fertile soil, growth of 
those seedlings was probably limited more by the availability of nutrients 
than seedlings in the other soils. Also, the number of mycorrhizal fungal 
spores extracted from the Dundas silt loam was much lower, suggesting that 
the total root infection may have been less in seedlings grown in Dundas 
silt loam. Therefore, fewer elements may have been absorbed by the mycor­
rhizal plants in Dundas silt loam. 
Unlike the maple seedlings, the ash seedlings misted with the pH 2.5 
solution lost their initial height advantage and, after 32 weeks of treat­
ment, were smaller than seedlings misted with the pH 5.5 and 4.0 solutions. 
Most growth measurements of seedlings misted with the pH 4.0 solution were 
midway between measurements of seedlings in the pH 5.5 and 2.5 treatments. 
The smaller size of the ash seedlings in the pH 2.5 treatment may have been 
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a result of lesions which developed on the adaxial leaf surfaces and sig­
nificantly reduced the photosynthesizing area. However, no data obtained 
during the study offered an explanation for the response of the seedlings 
to the pH 4.0 solution. No damage, either as lesions or wound cells, was 
observed on the leaves. The nutrient content of the tissue was similar to 
the tissue of seedlings in the pH 5.5 treatment. No differences were found 
in acidity, microflora or nutrient content of the soil between the pH 5.5 
and 4.0 treatments. Growth of a number of plants, including yellow birch, 
Norway spruce and lodgepole pine, has been shown to decline in response to 
solutions as acidic as pH 2.5, but growth declines have not been reported 
in the range of pH 5.5 to 2.5 even when lesion development occurred (Wood 
and Bormann, 1974; 1975; Ferenbaugh, 1976; Wood and Bormann, 1977; Harcourt 
and Farrar, 1980; Tveite and Abrahamsen, 1980). 
Ferenbaugh (1976) suggested that many plant reactions to acid rain 
were caused by changes in the auxin levels in the plant tissue in response 
to increasing acidity of the cell cytoplasm. The active form of auxin is 
acid-sensitive, as are many auxin intermediates. The acidity of the cyto­
plasm in the ash seedlings was not measured, but it is unlikely that the 
pH 4.0 solution significantly lowered the pH of the cytoplasm. Plants have 
an internal buffering system to maintain a fairly constant pH, since many 
reactions in the cell are pH dependent, and the H"*" ions from the pH 4.0 
should have been neutralized. The pH 2.5 solution may have contained 
enough H"*" ions to increase the cytoplasm acidity by "overloading" the buf­
fering capacity of the cell. Hormonal changes probably did cause the de­
cline in growth of the seedlings in the pH 4.0 and 2.5 treatments, since 
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almost every plant process is regulated by hormones (Kramer and Kozlowski, 
1979). Studies of the effect of acid rain on hormone levels are needed. 
Effects of acidity on the development of foliar lesions 
The leaves of the ash seedlings misted with the pH 2.5 solution devel­
oped many small lesions after several weeks of treatment. The lesions de­
veloped only on young, rapidly expanding leaves, and the damage was cen­
tered around trichomes on the adaxial leaf surfaces. Trichomes and sto­
mates have been previously reported to be the site of lesion development 
on kidney beans, sunflowers, soybeans, pin oaks and several clones of pop­
lar (Evans et al., 1977; DaCosta, 1978; Evans et al., 1978; Evans and Cur­
ry, 1979). The protective cuticle may be thinner on rapidly expanding 
leaves than on leaves of a relatively constant size. It may also be thin­
ner surrounding structures such as trichomes which disrupt the smooth epi­
dermal surface. 
Trichomes may have served as the site of acid damage for several other 
reasons. Trichomes are located in slight depressions on the leaf surface. 
These depressions may serve as areas in which the acid rain can collect and 
remain in contact with the surface for a prolonged period. Also, some tri­
chomes have been shown to accumulate toxic salts from the plant tissue and 
excrete the salts onto the leaf surface (Esau, 1977). Although the func­
tion of the ash trichomes has not been studied, their shape suggested they 
may be involved in the accumulation of water or salts. The trichome re­
gion would be more prone to damage if high concentrations of SO^' devel­
oped in these regions. 
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No lesions formed on the maple seedling leaves misted with the pH 2.5 
solution. The maple leaves have no special structures, such as trichomas 
and stomates, on their upper epidermal surface. It may be that prolonged 
acid contact, such as would occur in the pools which form in leaf depres­
sions, was necessary for lesion development to occur. 
Lesion development apparently began with the collapse of the adaxial 
epidermal cells, followed by the spongy mesophyll and abaxial epidermal 
cells. The palisade cells remained distinct, although distorted, after all 
other cell layers had collapsed. Previous research indicated that the 
adaxial epidermal, palisade, spongy mesophyll and abaxial epidermal layers 
collapsed in sequence (Evans et al., 1977; DaCosta, 1978; Evans et al., 
1978). These earlier studies were primarily done on herbaceous plants. 
Palisade cells in the ash leaves may have contained greater amounts of lig-
nin than the other cell layers, and more than cells in leaves of herbaceous 
plants. This would account for their greater resistance to collapse. 
Evans and Curry (1979) reported the development of large amorphous 
cells around lesions on pin oak and soybeans. These cells elevated the 
leaf tissue and prevented further lesion development in the area. However, 
enlarged cells similar to those described by Evans and Curry (1979) develop 
in the ash leaves before lesions are visible. These cells form a solid 
mass under the epidermis when no lesions or very small lesions exist and 
expand outward to ring the lesion as it grows larger. In ash, it would ap­
pear that these enlarged cells precede the lesion and, in fact, may cause 
the amorphous appearance of the spongy mesophyll and the collapse of the 
leaf tissue. Although the cells may result in the protection of some spe­
cies, they do not seem to fulfill this role in green ash. 
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Besides causing lesions, the pH 2.5 solution caused the waxy cuticle 
of both ash and maple leaves to peel in layers. The surface of leaves 
misted with the acidic solution is less distinct, with fewer cuticular 
ridges than the surface of leaves misted with the pH 5.5 solution. This 
reaction of the cuticle had been reported earlier by Lang et al. (1978). 
Since the cuticle is important in leaf resistance to water loss, a thinner 
cuticle could result in increased leaf stress and possibly desiccation. 
Cuticle disintegration could be an important factor in the damage of leaves 
which naturally have thin protective layers. The importance of the peeling 
of the cuticle would also depend on how quickly the leaf exuded more cuti­
cle on the surface of the leaf. 
Effects of acidity on leaf stress 
Despite extensive lesion damage and the peeling of the cuticle, the 
ash seedlings misted with the pH 2.5 solution did not lose more gases from 
the leaves nor were they under greater moisture stress than seedlings 
misted with the pH 5.5 solution. The results were variable, and signifi­
cance was often not consistant with time. Responses to rainfall acidity 
may have been complicated by seedling nutrition, since plants under nutri­
tional stress would have less photosynthesis, increased respiration, poor 
root development and less stomatal control (Kramer and Kozlowski, 1979). 
Further studies under more controlled conditions and with more samples are 
needed to place any importance on the findings of the leaf stress data. 
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Effects of acidity on the concentration of nutrients in plant tissue 
Of all the nutrients measured in the plant tissue, only Kjeldahl ni­
trogen and phosphorus were affected by the acidity of the mist solution. 
Potassium, calcium and iron concentrations were unaffected by the treat­
ments, although they have been found to be leached from leaf tissue in pre­
vious studies (Abrahamsen et al., 1977; McColl and Bush, 1978; Hoffman et 
al., 1980; Molli tor and Raynal, 1982). 
Kjeldahl nitrogen increased in the leaves, stems and roots of both ash 
and maple seedlings misted with the pH 2.5 solution, but no differences ex­
isted between seedlings in the pH 5.5 and 4.0 treatments. The acid solu­
tion appeared to have acted as a fertilizer with both species. Seedlings 
misted with the pH 2.5 solution received lOOx as much nitrogen as the seed­
lings misted with the pH 5.5 solution, and 25x as much nitrogen as seed­
lings misted with the pH 4.0 solution. 
The decrease in the phosphorus content of the leaves of the ash seed­
lings and the leaves and roots of the maple seedlings in response to the 
pH 2.5 solution was not easily explained. Phosphorus has not been found 
to be leached from the leaves or washed from the leaf surface in any sig­
nificant quantities (Abrahamsen et al., 1977; McColl and Bush, 1978; Hoff­
man et al., 1980; Mollitor and Raynal, 1982). There was no interaction be­
tween mycorrhizal treatments and the acidity of the mist solution. Avail­
able phosphorus in the soil was not significantly affected by the acid 
treatments. It may have been that the change in soil acidity caused a 
change in the HP0^~:H2P0iJ ratio in the soil that was not detected in the 
analysis but did affect the availability to the plants. An increase in 
the phosphorus content of the ash stems may be related to the quiescence 
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of the seedlings, since one of the physiological processes in preparation 
for dormancy in many tree species is a translocation of certain cations 
from the leaves to the stems. All ash seedlings were quiescent at the end 
of the study, but it may be that the pH 2.5 treatment caused the dormancy 
to be more advanced. 
Effects of acidity on seed germination and seedling survival 
Poor germination of the seeds probably affected the significance of 
this part of the study. Significant differences that were observed were 
often a matter of a total difference of 2 or 3 seeds, so little importance 
should be placed on the experimental results. Germination tests were done 
in the laboratory and good germination was found. Since the poor germina­
tion occurred in the greenhouse and not the laboratory, the germination 
problems were probably due to soil, humidity and temperature differences 
rather than poor seed. 
No significant differences occurred in the total germination of the 
seed because of the acidity of the solution. Black locust and sycamore 
did germinate more rapidly in the pH 4.0 treatment than in the pH 5.5 and 
2.5 treatments. These differences, although significant, were small. The 
acidity may have caused some metabolic changes in the seeds, with the 
slight acidity of the pH 4.0 treatment speeding germination and the high 
acidity of the pH 2.5 treatment slowing germination. It is also possible 
that the differences are a statistical fluke with no real importance. 
Seedling survival was not affected by the treatments. Apparently, 
the differences between the treatments were not great enough to stress the 
seedlings. Seedling survival was primarily influenced by cockroaches and, 
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since they were indiscriminate in feeding on the plants, the survival sig­
nificance was not affected. 
Effect of soil type on plant properties 
Soil type had little effect on any plant properties except the nutri­
ent content of the tissue. Seedlings grown in Dundas silt loam generally 
contained a lower concentration of elements than seedlings grown in Hayden 
loam. This is a reflection of the lower fertility of the Dundas silt loam. 
This low fertility is a characteristic of the soil not related to treat­
ment, and may be a result of differences in the parent material or the 
vegetation cover of the Dundas silt loam. Differences between soils will 
be fully discussed in a later section. 
There are several reasons that the soil may have had little effect on 
the tree seedlings. Although the soil types were significantly different, 
many of the differences were not large. The soils were kept moist, so dif­
ferences in water potentials due to texture should not have become critical 
to the plant. The soils were fertilized regularly, and the mist solution 
provided nitrogen and sulfur, so large growth differences due to soil fer­
tility should not have been a problem. Any effects of soil type on the 
seedlings may have required longer than 32 weeks to be detected. 
Effect of preinoculation on plant properties 
During the first half of the study, the preinfection of the ash and 
maple seedlings was detrimental to the growth of the seedlings. Preinocu-
lated maple seedlings were consistently smaller than seedlings not infected 
until after transplanting, and preinoculated ash seedlings quickly lost 
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their initial height advantage after transplanting. Apparently, the ash 
and maple seedlings could not produce enough carbohydrate during the early, 
weeks after transplanting to adequately support the fungi and put on sub­
stantial growth. Transplant shock and soil fertility aggravated the situ­
ation. 
Infection of both preinoculated and uninoculated seedlings with native 
mycorrhizal fungi probably occurred quickly after transplanting. It was 
possible that native fungal species dominated the roots of the preinocu­
lated seedlings shortly after transplanting. Growth rate stabilized for 
preinoculated and uninoculated seedlings by 32 weeks. Initial size dif­
ferences became even less important as the total growth became larger. 
A difference in the overnight recovery of maple seedlings from water 
stress was significantly affected by the mycorrhizal fungal treatments. 
Not enough was known about the total root infection or the species involved 
to explain the difference. It may have been that Glomus etunicatum did 
dominate preinfected seedlings and was more effective at water uptake. In­
creased water uptake by seedlings has been attributed to mycorrhizal fungal 
infection, and it is reasonable to assume that species differ in their 
ability to take up water (Pritchett, 1979). 
Lack of greater effects from the mycorrhizal fungal treatments was due 
to the rapid successful infection of all tree seedlings with the native 
fungi, which eliminated all major differences between the treatments. 
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Effect on Soil 
Dundas silt loam, Hayden loam and Luther loam are grouped together in 
the Hayden-Lester-Luther association (Andrews and Dideriksen, 1981). Dun­
das silt loam is a poorly drained soil that developed in swales and low 
concave areas from glacial till and local alluvium. Hayden loam is a well-
drained soil developed on convex rises, while Luther loam is a poorly 
drained soil developed on flat to slightly convex areas. The parent ma­
terial of both Hayden loam and Luther loam was glacial till. 
The particular soils used in this study lie adjacent to each other at 
the Hoist Tract State Forest, Boone County, Iowa. They have not been 
limed, fertilized or plowed in recent years. The Dundas silt loam is lo­
cated under a stand of mature red and white pines and has a well-developed 
organic layer. Hayden loam is located under a mature oak-hickory stand and 
has a thin organic layer. The Luther loam had been located under an oak-
hickory stand, but the area had been clearcut 2 years earlier and the site 
was covered with a variety of herbaceous species. Luther loam had almost 
no organic horizon. 
The soils were dried and mixed with perlite before use. The immediate 
effect of these treatments was that the native microflora was disturbed and 
the fertility of the soil decreased, since perlite provided no nutrients or 
exchange sites to the soils. However, drainage improved considerably in 
the soils and standing water was not observed in any pots at the watering 
levels used. 
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Effect of soil type on soil properties 
Soil type had a greater effect on the observed soil properties than 
any other treatment. Dundas silt loam was less acidic, contained fewer 
microorganisms and mycorrhizal fungal spores, and had a lower concentra­
tion of Kjeldahl nitrogen, potassium, calcium and iron compared to the 
other soils. Dundas silt loam also contained significantly more exchange­
able phosphorus than the other soils. 
Differences in the acidity and nutrient content of the soils were due 
to differences in parent material and vegetation cover. Dundas silt loam 
apparently developed from a parent material that produced fewer cation ex­
change sites in the mineral fraction, either because of the type of clay or 
the concentration of clay. It may have developed from less acidic minerals 
that were lower in potassium, calcium and iron and higher in phosphorus 
than the parent material of Hayden loam or Luther loam. Also, conifers 
produce an acidic organic horizon compared to other vegetation covers. 
Solutions moving through this organic horizon become acidic, but move few 
bases from the conifer litter into the mineral horizons. The solution does 
leach many bases and organic materials from the upper mineral horizons. 
Since soil was taken from the upper horizon, the vegetation cover could ac­
count for the low concentration of the cations in the Dundas silt loam. 
Differences in fungi, bacteria and mycorrhizal fungal spores were 
probably due to differences in the nutrient concentration of the soils. 
Microorganism growth was limited by the lower fertility of the Dundas silt 
loam. 
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Effect of the acid solutions on soil properties 
Acidification of the soil The acidity of the soils watered with 
the pH 2.5 solution decreased steadily during the 52 weeks of treatment, 
while the acidity of the soils watered with the pH 5.5 and 4.0 solutions 
remained constant. All soils have some buffering capacity, although this 
capacity varies considerably depending on the cation exchange capacity and 
base saturation of the soil (Pritchett, 1979). Apparently, Dundas silt 
loam, Hayden loam and Luther loam were sufficiently buffered that the pH 
remained constant despite the H"*" ion input from the pH 4.0 and 5.5 solu­
tions. The large input of H"*" from the pH 2,5 solution was greater than 
the buffering capacity could neutralize. The acidity of the soil increased 
either because there were not sufficient bases on exchange sites that could 
be replaced by H"*" ions in solution or because there were not enough total 
exchange sites in the soils to bond the H"*" ions and remove them from the 
soil solution. The buffering capacity of soils in areas receiving acid 
rain would be broken down in a similar fashion, although over a much longer 
time scale. Rain in nature is generally less acidic than pH 2.5 and bases 
are constantly replenished from decomposing organic matter in the soil and 
from weathering of clay minerals. However, if precipitation were to be­
come more acidic over large areas, significant soil pH changes could be ex­
pected. 
Microflora Although metabolic studies would have provided useful 
information about the activity of the soil organisms, plate counts provided 
a rapid technique for comparing soil microflora. Actually, the number of 
propagating units in the soil, rather than the number of active organisms, 
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are measured by plate count. Differences may indicate different species, 
different numbers of organisms or different levels of activity. No at­
tempt was made to identify the species in the soils. 
Numbers of microorganisms should not be compared between sampling 
dates, only within sampling dates. Actual numbers of microorganisms are 
extremely variable and are affected by a variety of environmental condi­
tions unrelated to treatments, such as temperature, soil moisture and 
length of time between sampling and analysis. 
After 20 weeks of treatment, more fungi and fewer bacteria were iso­
lated from the soils watered with the pH 2.5 solution compared to the num­
ber isolated from the soil watered with the pH 5.5 solution. The differ­
ences between the treatments may have been due to changes in community 
structure as the acidity of the soil increased. Bacteria are, in general, 
less tolerant of acidic conditions than are fungi (Alexander, 1977; 1980). 
Some bacterial species may have been eliminated, or growth slowed until 
acid-tolerant strains became prominent in the soil. Fungi may have multi­
plied more rapidly with less bacterial competition. The number of fungi 
isolated from the soils treated with the pH 4.0 solution was similar to the 
pH 2.5 treatment, while the number of bacteria was similar to the pH 5.5 
treatment. The number of bacteria may be related to the soil acidity, 
since the pH 4.0 treated soil did not become more acidic. None of the soil 
analyses indicated why the fungal numbers in the pH 4.0 treatment should 
be high. 
After 52 weeks, no differences in fungi., bacteria or spores of mycor-
rhizal fungi existed between the treatments, despite the fact that the 
116 
soils watered with the pH 2.5 solution were 0.8 pH units more acidic than 
the soils in the other treatments. Microorganisms are extremely adaptable, 
and it is probable that, after 52 weeks of treatment, acid-tolerant strains 
had developed and the community balance had been restored. 
At the 52-week sampling, bacterial numbers were determined on both 
nutrient agar and egg albumin agar. Nutrient agar provides a variety of 
simple sugars and nitrogen compounds and favors rapidly-growing bacterial 
species. Egg albumin agar provides a complex source of carbohydrates and 
nutrients and favors slower-growing species. Only nutrient agar had been 
used at 0 and 20 weeks. The slow-growing species were not affected by the 
acidity of the watering solution, and the ratio of bacteria on the nutrient 
agar to bacteria on the egg albumin agar was not affected by the acidity 
of the watering solution. Neither group appears to be more sensitive to 
the acid rain or the changing acidity of the soil. 
As mentioned earlier, plate counts do not provide any evidence of 
fungal and bacterial activity or any accurate estimate of numbers of organ­
isms in the soil. Their primary value in this study was to quickly and 
easily provide information which could be used to design further studies. 
For example, based on the apparent shift in the community at 20 weeks and 
its apparent return to normal structure at 52 weeks, metabolic studies 
would have to cover a least 1 year of treatment. Also, results from the 
three soil types were very similar. It may be better to eliminate soil 
type as a variable and increase the number of replicates. It if is neces­
sary to study different soils, less similar soils should be used. 
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Nutrient levels Nutrient concentrations should not be compared be­
tween, only within, sampling dates, since the cultural practices between 0 
and 20 weeks differed from those used between 20 and 52 weeks. Between 0 
and 20 weeks, col eus and sorghum were grown in the soils, and the soils 
were fertilized only twice. Only nitrogen was added in the fertilizer. 
Between 20 and 52 weeks, ash and maple seedlings were grown, and a N-P-K 
fertilizer plus micronutrients was used regularly. Fertilization is neces­
sary for proper plant growth, but standard fertilization practices need to 
be adopted. 
A higher concentration of Kjeldahl nitrogen was found in the soils 
watered with the pH 2.5 solution than the soils watered with the pH 4.0 and 
5.5 solutions. This was probably due to the fertilizer effect of the rain. 
The lack of significance at 20 weeks may have been due to the lack of suf­
ficient sensitivity of the Kjeldahl analysis. 
Potassium levels in the soils watered with the pH 2.5 solution were 
lower than levels in soils watered with the pH 4.0 and 5.5 solutions after 
52 weeks of treatment. Potassium has been reported to be readily leached 
from soil in response to simulated acid rain (Hovland et al., 1980; Lee and 
Weber, 1982). No significant differences were seen at 20 weeks because of 
insufficient leaching of the K"*" ions. 
Iron concentrations increased rapidly in response to the pH 2.5 water­
ing solution. Although weathering of the clay fraction may have been a 
factor in the increase of iron in the soil, the increase as early as 20 
weeks would seem to discount weathering as a major factor. Iron is more 
soluble in acid soils and more available to plants. The difference in the 
acidity of the soils in the pH 2.5, 4.0 and 5.5 treatments may have been 
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large enough to affect the amount of iron extracted from the soils using 
the Bray I solution. 
No change occurred in the extractable phosphorus levels in the soils 
as a result of the acidity of the watering solution. Phosphorus is not 
leached from the soil under normal conditions. The form of phosphorus may 
have changed in response to the increasing acidity, since differences in 
phosphorus levels were observed in the"plant tissue, but this was not de­
tected in the soil analysis. 
The concentration of calcium in the soil watered with the pH 2.5 solu­
tion was lower than the concentration in the pH 5.5 treatment after 20 
weeks of watering, but no differences existed after 52 weeks of treatment. 
Calcium data were extremely variable and it is possible that the results 
at 20 weeks were a statistical anomaly. The fertilization practices be­
tween 20 and 32 weeks, with regular calcium additions to the soil, may have 
masked any minor treatment effects. 
Effect of tree species on soil properties 
Tree species had no effect on soil acidity, but did significantly af­
fect other soil properties. The number of bacteria and fungi associated 
with the ash seedlings was higher than the number associated with the maple 
seedlings. This was probably a result of differences in the amount and 
type of materials the roots exuded into the rhizosphere. Root exudates in­
clude carbohydrates, proteins and growth hormones, and are important in 
the nutrition of rhizosphere organisms (Alexander, 1977). In low fertility 
soils, such as were used in this study, rhizosphere characteristics would 
have a considerable influence on the soil microorganism population. The 
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ash seedlings apparently exuded more carbohydrates and minerals than the 
maples exuded. This may have been a normal difference between the seed­
lings, or related to the fact that the maples were actively growing while 
the ash were quiescent. Actively-growing seedlings would have a greater 
energy and nutrient requirement and would be less likely to exude needed 
substances. 
The number of mycorrhizal fungal spores extracted from soils associ­
ated with the maple seedlings was greater than the number extracted from 
soils -associated with the ash seedlings. This was primarily a reflection 
of differences in the root systems of the seedlings. Ash is a taprooted 
species, and the seedlings in the study developed few fine roots that could 
serve as infection sites. Maple seedlings developed many fine roots that 
could serve as infection sites. Although the root weight was greater with 
the ash, the maple seedlings had many more roots. The total fungal mass 
associated with the maple may, therefore, have been much larger and more 
spores were produced. The number of spores may have also been influenced 
by the quiescent state of the ash seedlings and the active growth of the 
maple seedlings. Mycorrhizal fungi infect actively-growing root tips, 
which would be more numerous in the actively-growing species. 
Tree species had a significant effect on the concentration of nutri­
ents in the soil. Soils associated with ash seedlings contained less ex-
tractable phosphorus and more potassium and calcium than the soils associ­
ated with the maple seedlings. This may be a reflection of differences in 
the chemical composition of the root exudates of the two species. Also, 
thé species may differ in ability to extract salts from the soil. Pre­
vious research has shown that large differences exist between species' 
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abilities to extract nutrients from the same soils (Kramer and Kozlowski, 
1979). Part of this may be due to the larger root system of the maple and 
its probable greater absorption of water to support active growth. 
Effect of preinfection on soil properties 
Preinfection of the seedlings with mycorrhizal fungi had no effect on 
any soil properties, including the number of mycorrhizal fungal spores. 
This lack of significance was probably due to the rapid infection of the 
seedlings with native fungal species so that no real differences in degree 
of infection existed between the treatments. Different results may have 
been obtained using other mycorrhizal fungal species for preinoculation. 
Differences may also have occurred if the soils were low in native inocu­
lum. Further studies should be done on the interaction of acid rain and 
mycorrhizae. 
Implications 
Tree seedlings differ in their ability to tolerate acid rain. The 
growth of some species, such as silver maple, is stimulated by the high 
concentration of nitrogen and sulfur in the rain. Other species, such as 
green ash, are very sensitive to acid rain. Lesions may develop on the 
leaves of these species. Often, the seedlings are stunted. If these acid 
rain effects continue through maturity, the productivity of a forest could 
be seriously affected if the dominant species are sensitive to acid rain. 
If the growth of the dominant species is stimulated by acid rain, forest 
productivity may be unaffected or increase slightly if other environmental 
conditions do not become detrimental. A change in the dominant species 
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of the forest would occur, since acid-sensitive species could not compete 
with tolerant species. 
Lesion development appears to be dependent on the presence of tri-
chomes, stomates and other structures on the adaxial leaf surface. Seed­
lings with unbroken surfaces may be resistant to lesions. It may be pos­
sible to select strains and species that are tolerant to acid rain on the 
basis of the morphology of the adaxial leaf surface. Further study is 
needed in the area, since most research to date has not involved micro­
scopic examination of the leaf surface. 
Some factor or factors not related to lesion development or soil prop­
erties may also affect seedling response to acid rain. Identification of 
these factors should be a top priority. These factors seem to be related 
to adaxial leaf structures, since no decrease in maple growth was observed. 
It may be that the acid gains access to the leaf interior more easily if 
the surface is broken or the cuticle is thin. 
Use of Glomus etunicatum as a preinoculum did not prove to be benefi­
cial during the course of the study. Native mycorrhizal fungi quickly and 
effectively infected the roots of the tree seedlings, and no differences 
in seedling growth or nutrient content occurred. Other mycorrhizal fungal 
species should be evaluated, but, on the basis of this study, preinfection 
of seedlings is unnecessary if sufficient native inoculum exists in the 
soil. 
It has been suggested that the effect acid rain will have on soil is 
similar to the natural soil-forming process of podzolization. During pod-
zolization, water percolation through acidic, low base content organic 
horizons becomes acidic (Pritchett, 1979). This acidic solution causes 
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hutnic compounds, and iron and aluminum oxides to move into the lower hori­
zons. After many years, the spodic horizon that forms is high in H"*" ions 
and low in organic acids, iron and a number of bases. Bases are lost be­
cause of the loss of exchange sites on the organic acids and the leaching 
of ions. Spodosols are common forest soils in the Northern hemisphere, but 
are generally infertile. In this study, the pH 2.5 solution increased the 
H"'" ion content of the soils in relatively short time. It would not be un­
reasonable to assume that, in time, the pH 4.0 solution would acidify the 
soil once the buffering capacity was overwhelmed. Many forest soils are 
less buffered and more acidic than the soils used in this study, and could 
be expected to be less resistant to acid rain. Acid rain, combined with 
the H"*" ions from the organic horizons, could speed podzolization on many 
soils. Further study of this phenomenon is needed. Field studies using 
lysimeters to sample the soil solution may be more useful than laboratory 
studies that work with a small amount of soil. 
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CONCLUSIONS 
1. Procedures for studying the effect of acid rain on plants and soil 
should be standardized. Research results are difficult to compare be­
cause of such differences as method of solution application, length of 
the individual applications, frequency of applications, fertilization 
practices and use of soil vs. a soilless mix. 
2. Foliage of plants exposed to acid rain should be examined microscopi­
cally as well as nonmicroscopically. Currently, many studies report 
lesion development with no details about location, time or pattern of 
development. If lesion development is found to be correlated to the 
presence of trichomes and stomates, it may be possible to select more 
resistant plants by a quick examination of the leaves. 
3. Seedling growth is affected by acid rain even when lesion development 
and soil leaching are not a factor. This unknown response may be cuti­
cle disintegration, which would further decrease plant tolerance to 
acid rain. Hormonal changes may also be important in plant growth re­
sponses to acid rain. Further study is needed with special attention 
to plant physiological processes. 
4. Preinfection of the seedlings with mycorrhizal fungi did not prove to 
be of any value in this study. Although studies using different fungal 
species may obtain different results, it may be more beneficial to in­
crease the native soil inoculum before transplanting. 
5. Little importance should be placed on the results of the seed germina­
tion study because of the low germination rates and the problems with 
the cockroaches. 
124 
6. Studies of the effect of acid rain on soil should be done in the field 
or with microplots. The soil volume used in the greenhouse is too 
small to resemble natural conditions. Procedures needed for greenhouse 
work, such as fertilization and addition of drainage material to soil, 
introduce too many artificial conditions into the study. However, 
studies of acid rain effects on plants should be done in soil because 
of soil effects on the plant. 
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Table Al. Analysis of variance (ANOVA) of seedling response to 3 levels 
of acidity of the mist solution (pH), 3 soil types and 2 times 
of infection of the seedlings roots by mycorrhizal fungi (inoc) 
Source DF SS PR >F 
Height of ash 2 weeks after transplanting 
pH 2 64.96 0.2907 
linear (1) (58.94) 0.1438 
lof (1) (6.02) 0.6186 
Error (a) 8 179.49 — — 
Soil 2 1.69 0.9683 
Inoc r 132.01 0.0285 
pH*soil 4 26.84 0.9048 
pH*inoc 2 51.49 0.3803 
pH*soil*inoc 4 69.78 0.6182 
Error (b) 60 1572.00 — 
Height of ash 4 weeks after transplanting 
pH 2 9173.62 0.0101 
linear (1) (4331.60) 0.0214 
lof (1) (4842.02) 0.0166 
Error (a) 8 4254.71 — — 
Soil 2 104.29 0.7196 
Inoc 1 348.10 0.1424 
pH*soil 4 720.71 0.3449 
pH*inoc 2 43.40 0.8716 
Soil*inoc 2 708.87 0.1143 
pH*soil*inoc 4 497.33 0.5369 
Error (b) 60 9454.80 — 
Height of ash 6 weeks after transplanting 
pH 2 26298.02 0.0053 
1i near (1) (13798.75) 0.0098 
lof (1) (12499.27) 0.0124 
Error (a) 8 9706.09 — — 
Soil 2 495.09 0.3459 
Inoc 1 542.68 0.1290 
pH*soil 4 899.64 0.4243 
pH*inoc 2 81.62 0.8373 
Soil*inoc 2 859.09 0.1622 
pH*soil*inoc 4 378.31 0.7987 
Error (b) 60 13744.40 --
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Table Al. continued 
Source DF SS PR>F 
Height of ash 8 weeks after transplanting 
pH 2 36681.67 0.0119 
linear (1) (22111.26) 0.0141 
lof (1) (14570.42) 0.0348 
Error (a) 8 18082.33 - -
Soil 2 677.27 0.4537 
Inoc 1 3.60 0.9268 
pH*soil 4 1137.07 0.6138 
pH*inoc 2 157.40 0.8307 
Soil*inoc 2 3139.80 0.0302 
pH*soil*inoc 4 824.00 0.7451 
Error (b) 60 25370.53 --
Height of ash 10 weeks after transplanting 
pH 2 47809.09 0.0285 
linear (1) (34666.69) 0.0204 
lof (1) (13142.40) 0.1136 
Error (a) 8 33331.02 — — 
Soil 2 1340.82 0.5155 
Inoc 1 572.54 0.4524 
pH*soil 4 4684.11 0.3330 
Soil*inoc 2 4800.29 0.0995 
pH*soil*inoc 4 2222.11 0.6960 
Error (b) 60 60044.87 --
Height of ash 12 weeks after transplanting 
pH 2 71852.36 0.1133 
linear (1) (65971.76) 0.0500 
lof (1) (5880.60) 0.5107 
Error (a) 8 99270.76 — — 
Soil 2 5692.96 0.4265 
Inoc 1 4840.00 0.2301 
pH*soil 4 1137.91 0.9863 
pH*inoc 2 2006.67 0.7385 
Soil*inoc 2 21262.07 0.0466 
pH*soil*inoc 4 10969.87 0.5096 
Error (b) 60 197567.87 — — 
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Table Al. continued 
Source DF SS PR>F 
Height of ash at 14 weeks 
pH 2 72215.27 0.3401 
linear (1) (66932.45) 0.1683 
lof (1) (5282.82) 0.6817 
Error (a) 8 233379.07 — — 
Soil 2 15775.27 0.3842 
Inoc 1 5553.88 0.4113 
pH*soil 4 17227.67 0.7135 
pH*inoc 2 1458.02 0.9142 
Soil*inoc 2 26841.62 0.1999 
pH*soil*inoc 4 10654.38 0.8579 
Error (b) 60 486855.33 
Height of ash at 16 weeks 
pH 2 76502.69 0.4772 
linear (1) (25752.27) 0.4807 
lof (1) (50750.42) 0.3295 
Error (a) 8 376548.76 — — 
Soil 2 25234.69 0.4753 
Inoc 1 3699.21 0.6402 
pH*soil 4 46301.78 0.6012 
pH*inoc 2 3130.29 0.9110 
Soil*inoc 2 74978.02 0.1156 
pH*soil*inoc 4 13378.58 0.9376 
Error (b) 60 1005327.27 — — 
Height of ash at 18 weeks 
pH 2 232000.87 0.1336 
linear (1) (2599.20) 0.4660 
lof (1) (229401.67) 0.0525 
Error (a) 8 354691.24 — — 
Soil 2 61309.27 0.3100 
Inoc 1 13225.34 0.4757 
pH*soil 4 99837.47 0.4294 
pH*inoc 2 7684.29 0.8613 
Soil*inoc 2 102870.69 0.1437 
pH*soil*inoc 4 16356.58 0.9580 
Error (b) 60 1540066.20 - — 
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Table Al. continued 
Source DF SS PR>F 
Height of maple at 2 weeks 
PH 2 19908 0.2902 
linear (1) (612) 0.7729 
lof (1) (19296) 0.1322 
Error (a) 8 54930 — — 
Soil 2 6807 0.6206 
Inoc 1 129960 0.0001 
pH*soil 4 19880 0.5935 
pH*i noc 2 221 0.9845 
Soil*inoc 2 6311 0.6424 
pH*soil*inoc 4 10456 0.8296 
Error (b) 60 424668 
Height of maple at 4 weeks 
pH 2 112618 0.0297 
linear (1) (9946) 0.4043 
lof (1) (102672) 0.0125 
Error (a) 8 79992 — — 
Soil 2 6054 0.6,754 
Inoc 1 92032 0.0010 
pH*soil 4 36247 0.3277 
pH*inoc 2 2485 0.8507 
Soil*inoc 2 7917 0.5992 
pH*soil*inoc 4 37566 0.3096 
Error (b) 60 459810 - -
Height of maple at 6 weeks 
pH 2 484125 0.0001 
linear (1) (67125) 0.0141 
lof (1) (417000) 0.0001 
Error (a) 8 54906 — — 
Soil 2 8633 0.6977 
Inoc 1 112784 0.0032 
pH*soil 4 56128 0.3301 
pH*inoc 2 4979 0.7790 
Soil*inoc 2 8519 0.7010 
pH*soil*inoc 4 50034 0.3896 
Error (b) 60 715313 — 
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Table Al. continued 
Source DF SS PR>F 
Height of maple at 8 weeks 
pH 2 792915 0.0001 
linear (1) (726870) 0.0000 
lof (1) (66045) 0.0001 
Error (a) 8 78767 — — 
Soil 2 1.5144 0.5794 
Inoc 1 108021 0.0068 
pH*soil 4 59962 0.3694 
pH*inoc 2 14657 0.5895 
Soil*inoc 2 13014 0.6252 
pH*soil*inoc 4 44669 0.5222 
Error (b) 60 824761 - -
Height of maple at 10 weeks 
pH 1 1266275 0.0001 
1inear (1) (202273) 0.0117 
lof (1) (1064002) 0.0001 
Error (a) 8 153264 - — 
Soil 2 22060 0.5163 
Inoc 1 146894 0.0041 
pH*soil 4 47732 0.5795 
pH*i noc 2 28024 0.4328 
Soil*inoc 2 2111 0.9381 
pH*soil*inoc 4 47720 0.5796 
Error (b) 60 990018 -  -
Height of maple at 12 weeks 
pH 2 927300 0.0033 
linear (1) (164772) 0.0664 
lof (1) (762528) 0.0018 
Error (a) 8 292146 — — 
Soil 2 28775 0.4587 
Inoc 1 158844 0.0045 
pH*soil 4 35739 0.7428 
pH*inoc 2 35991 0.3784 
Soil*inoc 2 7284 0.8194 
pH*soil*1noc 4 56789 0.5431 
Error (b) 60 1093256 — 
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Table Al. continued 
Source DF SS PR>F 
Height of maple at 14 weeks 
PH 1 712005 0.0052 
1inear (1) (113603) 0.0987 
lof (1) (597602) 0.0027 
Error (a) 8 260455 
Soil 2 43752 0.3932 
Inoc 1 197309 0.0049 
pH*soil 4 43803 0.7542 
pH*inoc 2 39573 0.4294 
Soil*inoc 2 8072 0.8400 
pH*soil*inoc 4 91645 0.4185 
Error (b) 60 1384460 
Height of maple at 18 weeks 
pH 2 14983 0.6293 
linear (1) (7094) 0.5146 
lof (1) (7889) 0.4926 
Error (a) 8 122058 — — 
Soil 2 60998 0.2071 
Inoc 1 207648 0.0015 
pH*soil 4 64893 0.5012 
pH*inoc • 2 7522 0.8198 
Soil*inoc 2 19901 0.5928 
pH*soil*inoc 4 52758 0.5956 
Error (b) 60 1131878 
Height of maple at 20 weeks 
pH 2 257367 0.0408 
linear (1) (101817) 0.0845 
lof (1) (155550) 0.0410 
Error (a) 8 210107 — -
Soil 2 16252 0.7454 
Inoc 1 350813 0.0007 
pH*soil 4 89805 0.5201 
pH*inoc 2 1145 0.9794 
Soil*inoc 2 28372 0.5998 
pH*soil*inoc 4 29043 0.9000 
Error (b) 60 1651188 — 
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Table Al. Continued 
Source DF SS PR>F 
Height of ash seedlings after 32 weeks 
PH 2 337744 0.0686 
linear (1) (8147) 0.6793 
lof (1) (329597) 0.0259 
Error (a) 8 353924 — — 
Soil 2 74955 0.3208 
Inoc 1 6536 0.6546 
Ph*soil 4 79966 0.6513 
pH*inoc 2 22675 0.7057 
Soil*inoc 2 119014 0.1677 
pH*soil*inoc 4 14300 0.9784 
Error (b) 60 1940552 --
Height of maple seedlings after 32 weeks 
pH 2 13449.63 0.0001 
linear (1) (4623.84) 0.0010 
lof (1) (8825.79) 0.0001 
Error (a) 8 1435.99 — — 
Soil 2 29.20 0.9372 
Inoc 1 203.70 0.3451 
pH*soil 4 1305.72 0.2284 
pH*inoc 2 10.18 0.9776 
Soil*inoc 2 112.60 0.7794 
pH*soil*inoc 4 699.65 0.5441 
Error (b) 60 13495.51 --
Stem diameter of ash 
pH 2 6428.6 0.0232 
linear (1) (1.2) 0.9635 
lof (1) (6427.4) 0.0077 
Error (a) 8 4112.4 — — 
Soil 2 1366.4 0.1493 
Inoc 1 396.9 0,2898 
pH*soil 4 1312.0 0.4457 
pH*inoc 2 1418.9 0.1391 
Soil*inoc 2 1360.8 0.1391 
pH*soil*inoc 4 1794.5 0.2844 
Error (b) 60 20880.7 — — 
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Table Al. continued 
Source DF SS PR>F 
Stem diameter of maple 
pH 2 3217.36 0.0112 
1inear (1) (1467.76) 0.0250 
lof (1) (1749.60) 0.0170 
Error (a) 8 1550.42 --
Soil 2 77.62 0.6244 
Inoc 1 24.54 0.5858 
pH*soil 4 98.24 0.8766 
pH*inoc 2 28.16 0.8422 
Soil*inoc 2 236.29 0.2438 
pH*soil*inoc 4 92.11 0.8888 
Error (b) 60 4905.87 --
Number of leaves on ash 
pH 2 83.489 0.3618 
linear (1) (6.422) 0.6842 
lof (1) (77.067) 0.1819 
Error (a) 8 288.511 — — 
Soil 2 23.822 0.5071 
Inoc 1 2.500 0.7055 
pH*soil 4 87.644 0.2943 
pH*inoc 2 32.600 0.3963 
Soil*inoc 2 123.467 0.0346 
pH*soil*inoc 4 51.333 0.5684 
Error (b) 60 1040.467 - -
Number of leaves on maple 
pH 2 16309.40 0.0309 
linear (1) (3781.25) 0.0010 
lof (1) (12528.15) 0.0194 
Error (a) 8 11771.49 — — 
Soil 2 226.40 0.9203 
Inoc 1 1254.40 0.3409 
pH*soil 4 1357.60 0.9090 
pH*inoc 2 641.27 0.7909 
pH*soil*inoc 4 8156.53 0.2142 
Error (b) 60 81669.20 — — 
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Table Al. continued 
Source DF SS PR>F 
Leaf area of ash 
PH 2 10015451 0.0260 
1 inear (1) (246716) 0.6024 
lof (1) (9768735) 0.0092 
Error (a) 8 6714984 - -
Soil 2 4115697 0.0633 
Inoc 1 1807100 0.1164 
pH*soil 4 1451300 0.7289 
pH*inoc 2 664108 0.6295 
Soil*inoc 2 3096732 0.1225 
pH*soil*inoc 4 411688 0.9647 
Error (b) 60) 42719418 - -
Leaf area of maple 
pH 2 42812888 0.0020 
linear (1) (11042961) 0.0238 
lof (1) (31769927) 0.0015 
Error (a) 8 11399308 — — 
Soil 2 6168814 0.0785 
Inoc 1 2080272 0.1858 
pH*soil 4 12534311 0.0390 
pH*inoc 2 256141 0.8958 
Soil*inoc 2 9615531 0.0207 
pH*soil*inoc 4 2091773 0.6184 
Error (b) 60 69681819 
Dry weight of leaves of ash 
pH 2 176.13 0.0105 
linear (1) (0) 0.9992 
lof (1) (176.13) 0.0033 
Error (a) 8 82.80 — — 
Soil 2 106.31 0.1617 
Inoc 1 115.37 0.0479 
pH*soil 4 109.40 0.4326 
pH*inoc 2 50.13 0.4177 
Soil*inoc 2 88.02 0.2195 
pH*soil*inoc 4 69.11 0.6566 
Error (b) 60 1697.88 — 
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Table Al. continued 
Source DF SS PR>F 
Dry weight of leaves of maple 
PH 2 1630.14 0.0006 
linear (1) (453.42) 0.0150 
lof (1) (1176.72) 0.0006 
Error (a) 8 380.86 - — 
Soil 2 35.73 0.5698 
Inoc 1 55.70 0.1884 
pH*soil 4 380.87 0.0243 
pH*inoc 2 3.88 0.9402 
Soil*inoc 2 42.93 0.5094 
pH*soil*inoc 4 69.97 0.6954 
Error (b) 60 1887.68 - -
Dry weight of stems of ash 
pH 2 594.54 0.0533 
linear (1) (10.47) 0.6886 
lof (1) (485.07) 0.0196 
Error (a) 8 458.47 — — 
Soil 2 186.77 0.1152 
Inoc 1 30.51 0.3956 
pH*soil 4 197.18 0.3275 
pH*inoc 2 144.16 0.1861 
Soil*inoc 2 104.23 0.2937 
pH*soil*inoc 4 95.70 0.6825 
Error (b) 60 2500.35 
Dry weight of stems of maple 
pH 2 2745.68 0.0003 
linear (1) (977.67) 0.0023 
lof (1) (1768.01) 0.0004 
Error (a) 8 403.08 — — 
Soil 2 7.85 0.9168 
Inoc 1 219.34 0.0313 
pH*soil 4 209.62 0.3365 
pH*inoc 2 6.48 0.9308 
Soil*inoc 2 61.53 0.5094 
pH*soil*inoc 4 121.45 0.6130 
Error (b) 60 2705.51 — 
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Table Al. continued 
Source DF SS . PR>F 
Dry weight of roots of ash 
PH 2 864.30 0.2511 
linear (1) (58.37) 0.6494 
lof (1) (805.93) 0.1174 
Error (a) 8 2094.42 — -
Soil 2 472.39 0.2258 
Inoc 1 313.97 0.1596 
pH*soil 4 524.58 0.5011 
pH*inoc 2 292.42 0.3947 
Soil*inoc 2 424.82 0.2615 
pH*soil*inoc 4 413.53 0.6169 
Error (b) 60 9290.34 - -
Dry weight of roots of maple 
pH 2 547.67 0.0118 
1inear (1) (237.59) 0.0290 
lof (1) (310.08) 0.0162 
Error (a) 8 269.47 — — 
Soil 2 4.05 0.9479 
Inoc 1 64.01 0.1982 
pH*soil 4 29.26 0.9409 
pH*inoc 2 4.30 0.9448 
Soil*inoc 2 10.19 0.8742 
pH*soil*inoc 4 145.49 0.4351 
Error (b) 60 2268.66 
Total dry weight of ash 
pH 2 4173.36 0.0959 
linear (1) (117.61) 0.6828 
lof (1) (4055.75) 0.0375 
Error (a) 8 5235.05 — — 
Soil 2 1994.55 0.1361 
Inoc 1 1154.91 0.1275 
pH*soil 4 1883.81 0.4287 
pH*inoc 2 1270.21 0.2766 
Soil*inoc 2 1555.30 0.2088 
pH*soil*inoc 4 1124.18 0.6775 
Error (b) 60 29018.24 — 
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Table Al. continued 
Source DF SS PR>F 
Total dry weight of maple 
PH 2 13449.63 0.0001 
linear (1) (4623.84) 0.0010 
lof (1) (8825.79) 0.0001 
Error (a) 8 1435.99 — — 
Soil 2 29.20 0.9372 
Inoc 1 203.70 0.3451 
pH*soil 4 1305.72 0.2284 
pH*inoc 2 10.18 0.9776 
Soil*inoc 2 112.60 0.7794 
pH*soil*inoc 4 699.65 0.5441 
Error (b) 60 13495.51 -  -
Pressure in ash leaves at 6 AM 
pH 2 1910.037 0.4329 
1inear (1) (1153.787) 0.3252 
lof (1) (756.25) 0.4155 
Error (a) 4 3674.296 — — 
Soil 2 483.370 0.7714 
Inoc 1 357.796 0.5383 
pH*soil 4 4848.630 0.2878 
pH*inoc 2 5310.704 0.0720 
Soil*inoc 2 999.370 0.5876 
pH*soil*inoc 4 6313.296 0.1740 
Error (b) 30 27700.667 --
Pressure in ash leaves at 9 AM 
pH 2 38423.259 0.3599 
linear (1) (26759.259) 0.2445 
lof (1) (11664.000) 0.4190 
Error (a) 4 57606.185 — — 
Soil 2 17034.259 0.1725 
Inoc 1 13569.185 0.0951 
pH*soil 4 15689.074 0.5000 
pH*inoc 2 11749.481 0.2912 
Soil*inoc 2 4512.926 0.6151 
pH*soil*inoc 4 9829.074 0.7090 
Error (b) 30 137068.000 - -
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Table Al. continued 
Source DF SS PR>F 
Pressure in ash leaves at 12 noon 
PH 2 36635.111 0.0593 
linear (1) (33075.000) 0.0286 
lof (1) (3560.111) 0.3336 
Error (a) 4 11798.889 % — — 
Soil 2 10247.444 0.2301 
Inoc 1 7561.500 0.1417 
pH*soil 4 13044.444 0.4320 
pH*inoc 2 1875.111 0.7559 
Soil*inoc 2 • 2058.778 0.7357 
pH*soil*inoc 4 7503.778 0.6898 
Error (b) 30 99583.444 - -
Pressure in ash leaves at 3 PM 
pH 2 49136.148 0.1266 
linear (1) (22130.704) 0.1452 
lof (1) (27005.444) 0.1168 
Error (a) 4 27135.296 — — 
Soil 2 1183.592 0.8480 
Inoc 1 112.667 0.8602 
pH*soil 4 4294.963 0.8750 
pH*i noc 2 1653.778 0.7946 
Soil*inoc 2 1262.333 0.8388 
pH*soil*inoc 4 4586.889 0.8614 
Error (b) 30 107069.111 
Pressure in ash leaves at 6 PM 
pH 2 15012.037 0.4434 
1inear (1) (11511.343) 0.1194 
Lof (1) (3500.694) 0.5315 
Error (a) 4 29923.407 — — 
Soil 2 5296.926 0.3522 
Inoc 1 2103.130 0.3617 
pH*soil 4 13406.963 0.2686 
pH*inoc 2 10604.481 0.1325 
Soil*inoc 2 11775.592 0.1077 
pH*soil*inoc 4 4818.963 0.7419 
Error (b) 30 73528.111 — -
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Table Al. continued 
Source DF SS PR>F 
Pressure in maple leaves at 6 AM 
PH 2 6575.815 0.4224 
1inear (1) (6286.815) 0.2245 
lof (1) (289.000) 0.7737 
Error (a) 4 12209.296 — — 
Soil 2 676.259 0.5977 
Inoc 1 4143.130 0.0168 
pH*soil 4 1756.074 0.6114 
pH*inoc 2 380.704 0.7469 
Soil*inoc 2 2657.148 0.1455 
pH*soil*inoc 4 3504.518 0.2724 
Error (b) 30 19375.333 --
Pressure in maple leaves at 9 AM 
pH 2 63020.591 0.3024 
1 inear (1) (48217.814) 0.1886 
lof (1) (14802.778) 0.4300 
Error (a) 4 76987.185 — — 
Soil 2 12716.037 0.1943 
Inoc 1 675.574 0.6711 
pH*soil 4 17314.630 0.3401 
pH*inoc 2 4306.370 0.5626 
Soil*inoc 2 11267.148 0.2321 
pH*soil*inoc 4 1122.407 G.9889 
Error (b) 30 110172.333 — -
Pressure in maple leaves at 12 noon 
pH 2 39486.778 0.1465 
linear (1) (13940.084) 0.2057 
lof (1) (25546.694) 0.1106 
Error (a) 4 24481.556 — »• 
Soil 2 1786.778 0.7802 
Inoc 1 979.630 0.6042 
pH*soil 4 15574.444 0.3789 
pH*inoc 2 6482.481 0.4141 
Soil*inoc 2 7334.704 0.3702 
pH*soil*inoc 4 13221.185 0.4619 
Error (b) 30 107079.444 — — 
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Table Al. Continued 
Source DF SS PR>F 
Pressure in maple leaves at 3 pm 
PH 2 78949.370 0.2740 
linear (1) (28259.342) 0.3174 
lof (1) (50700.028) 0.2010 
Error (a) 4 86744.074 
Soil 2 37546.815 0.1785 
Inoc 1 474.074 0.8314 
pH*soil 4 26903.741 0.6284 
pH*inoc 2 6370.259 0.7359 
Soil*inoc 2 20432.148 0.3820 
pH*soil*inoc 4 5724.852 0.9664 
Error (b) 30 308380.444 - -
Pressure in maple leaves at 6 PM 
pH 2 32624.037 0.8153 
linear (1) (13024.037) 0.6999 
lof (1) (19600.000) 0.6380 
Error (a) 4 303513.074 — — 
Soil 2 4416.926 0.7996 
Inoc 1 1410.667 0.7071 
pH*soil 4 25520.296 0.6360 
pH*inoc 2 6081.444 0.7356 
Soil*inoc 2 12342.333 0.5396 
pH*soil*inoc 4 22893.556 0.6766 
Error (b) 30 293933.111 --
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Table Al. Continued 
Source DF SS PR>F 
Diffusion from ash leaves at 6 AM 
pH 2 .27.2406 0.5083 
linear (1) (24.5674) 0.2946 
lof (1) (2.5732) 0.7113 
Error (a) 4 67.6544 — — 
Soil 2 5.0239 0.7463 
Inoc 1 0.2618 0.8619 
pH*soil 4 49.1357 0.2436 
pH*inoc 2 8.8278 0.6003 
Soil*inoc 2 27.6416 0.2137 
pH*soil*inoc 4 43.1389 0.3042 
Error (b) 30 255.0662 — -
Diffusion from ash leaves at 9 AM 
pH 2 4.5041 0.2165 
linear (1) (4.134) 0.1092 
lof (1) (0.3701) 0.5721 
Error (a) 4 3.9190 - — 
Soil 2 9.3354 0.0014 
Inoc 1 0.2230 0.5360 
pH*soil 4 0.8412 0.8283 
pH*inoc 2 4.4424 0.0311 
Soil*inoc 2 2.0222 0.1864 
pH*soil*inoc 4 2.3712 0.4020 
Error (b) 30 17.0657 - — 
Diffusion from ash leaves at 12 noon 
pH 2 6.8442 0.0135 
linear (1) (2.9304) 0.0226 
lof (1) (3.9138) 0.0141 
Error (a) 4 0.9012 — — 
Soil 2 13.3014 0.0001 
Inoc 1 6.5313 0.0001 
pH*soil 4 7.3350 0.0016 
pH*inoc 2 9.6761 0.0001 
Soil*inoc 2 3.9490 0.0060 
pH*soil*inoc 4 19.3562 0.0001 
Error (b) 30 9.7102 — — 
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Table Al. continued 
Source DF SS PR>F 
Diffusion from ash leaves at 3 PM 
PH 2 1.5276 0.5562 
linear (1) (1.5265) 0.3079 
lof (1) (0.0011) 0.9764 
Error (a) 4 4.4814 — — 
Soil 2 2.3281 0.9189 
Inoc 1 0.0174 0.3296 
pH*soil 4 7.9522 0.3296 
pH*inoc 2 1.1126 0.7167 
Soil*inoc 2 5.1899 0.2244 
pH*soil*inoc 4 4.2752 0.6332 
Error (b) 30 49.5429 
Diffusion from ash leaves at 6 PM 
pH 2 2.8291 0.4125 
linear (1) (2.0722) 0.2706 
lof (1) (0.7569) 0.4832 
Error (a) 4 5.0798 — — 
Soil 2 16.4967 0.1852 
Inoc 1 2.8658 0.4372 
pH*soil 4 32.0565 0.1685 
pH*i noc 2 9.7465 0.3609 
Soil*inoc 2 2.5864 0.7579 
pH*soil*inoc 4 3.3642 0.9459 
Error (b) 30 138.6454 - — 
Diffusion from maple leaves at 6 AM 
pH 2 534.7065 0.0498 
linear (1) (504.7486) 0.0223 
lof (1) (29.9579) 0.4271 
Error (a) 4 153.6917 — — 
Soil 2 42.4856 0.3433 
Inoc 1 46.6116 0.1294 
pH*soil 4 35.1507 0.7656 
pH*inoc 2 7.2086 0.8296 
Soil*inoc 2 93.5829 0.1042 
pH*soil*inoc 4 111.6792 0.2401 
Error (b) 30 575.1521 
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Table Al. continued 
Source DF SS PR>F 
Diffusion from maple leaves at 9 AM 
pH 2 8.1301 0.6651 
1inear (1) (8.0088) 0.3986 
lof (1) (0.1213) 0.9131 
Error (a) 4 35.9444 — — 
Soil 2 9.4276 0.2126 
Inoc 1 2.6800 0.3433 
pH*soil 4 21.2087 0.1482 
pH*inoc 2 0.3252 0.9454 
Soil*inoc 2 0.6704 0.8909 
pH*soil*inoc 4 14.0386 0.3254 
Error (b) 30 86.7041 - -
Diffusion from maple leaves at 12 noon 
pH 2 40.7853 0.5607 
linear (1) (39.3373) 0.3188 
lof (1) (1.4480) 0.8379 
Error (a) 4 121.5739 — — 
Soil . 2 41.6317 0.0702 
Inoc 1 0.0733 0.9201 
pH*soil 4 43.1000 0.2259 
pH*inoc 2 0.5231 . 0.9642 
Soil*inoc 2 1.5157 0.8999 
pH*soil*inoc 4 10.4822 0.8309 
Error (b) 30 214.8480 ~ — 
Diffusion from maple leaves at 3 PM 
pH 2 26.8206 0.4493 
1inear (1) (16.8981) 0.3279 
lof (1) (9.9225) 0.4416 
Error (a) 4 54.5273 — -
Soil 2 31.1803 0.1629 
Inoc 1 0.7027 0.7701 
pH*soil 4 83.4402 0.0573 
pH*inoc 2 27.5362 0.1992 
Soil*inoc 2 4.8562 0.7427 
pH*soil*inoc 4 11.9554 0.8282 
Error (b) 30 242.4602 - — 
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Table Al. continued 
Source DF SS PR>F 
Diffusion from maple leaves at 6 PM 
PH 2 103.4431 0.4244 
linear (1) (101.7919) 0.2204 
lof (1) (1.6512) 0.8624 
Error (a) 4 193.3586 — — 
Soil 2 65.6294 0.0790 
Inoc 1 6.2017 0.4752 
pH*soil 4 127.8491 0.0497 
pH*inoc 2 7.1135 0.7431 
Soil*inoc 2 0.5493 0.9971 
pH*soil*inoc 4 15.1120 0.8633 
Error (b) 30 355.8689 — — 
Concentration of nitrogen in ash leaves 
pH 2 2.1284 0.0061 
linear (1) (0.6242) 0.0398 
lof (1) (1.5042) 0.0051 
Error (a) 8 0.2069 — — 
Soil 2 0.0495 0.8152 
Inoc 1 0.0003 0.9614 
pH*soil 4 0.2069 0.7874 
pH*inoc 2 0.0893 0.6922 
Soil*inoc 2 0.1653 0.5080 
pH*soil*inoc 4 0.1830 0.8227 
Error (b) 60 7.2411 --
Concentration of nitrogen in ash stems 
pH 2 1.0190 0.0008 
linear (1) (0.2347) 0.0162 
lof (1) (0.7843) 0.0005 
Error (a) 8 0.2042 — — 
Soil 2 0.1249 0.1947 
Inoc 1 0.0048 0.7194 
pH*soil 4 0.0729 0.7426 
pH*inoc 2 0.0293 0.6757 
Soil*inoc 2 0.0193 0.7716 
pH*soil*inoc 4 0.1853 0.3007 
Error (b) 60 2.2281 — — 
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Table Al. continued 
Source DF SS PR>F 
Concentration of nitrogen in ash roots 
PH 2 3.5682 0.0002 
linear (1) (1.1361) 0.0020 
lof (1) (2.4321) 0.0002 
Error (a) 8 0.4451 — — 
Soil 2 0.2916 0.0475 
Inoc 1 0.0013 0.8671 
pH*soil 4 0.1526 0.5056 
pH*inoc 2 0.0260 0.7526 
Soil*inoc 2 0.0452 0.6105 
pH*soil*inoc 4 0.0508 0.8902 
Error (b) 60 2.7274 --
Concentration of nitrogen in maple leaves 
pH 2 5.0977 0.0001 
linear (1) (1.5402) 0.0003 
lof (1) (3.5575) 0.0001 
Error (a) 8 0.3327 — — 
Soil 2 0.2500 0.0447 
Inoc 1 0.0000 0.9829 
pH*soil 4 0.5301 0.0129 
pH*inoc 2 0.1044 0.2627 
Soil*inoc 2 0.0305 0.6721 
pH*soil*inoc 4 0.0878 0.6820 
Error (b) 60 2.2906 
Concentration of nitrogen in maple stems 
pH 2 0.2939 0.0028 
linear (1) (0.0657) 0.0398 
lof (1) (0.2282) 0.0018 
Error (a) 8 0.0874 — — 
Soil 2 0.0069 0.5876 
Inoc 1 0.0014 0.6467 
pH*soil 4 0.0234 0.4619 
pH*inoc 2 0.0057 0.6410 
Soil*inoc 2 0.0195 0.2271 
pH*soil*inoc 4 0.0595 0.0671 
Error (b) 60 0.3849 0.0064 
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Table Al. continued 
Source DF SS PR>F 
Concentration of nitrogen in maple roots 
PH 2 0.7784 0.0139 
linear (1) (0.2501) 0.0575 
lof (1) (0.5283) 0,0122 
Error (a) 8 0.4073 — — 
Soil 2 0.1144 0.0135 
Inoc 1 0.0080 0.4760 
pH*soil 4 0.0602 0.4338 
pH*inoc 2 0.0000 0.9991 
Soil*inoc 2 0.0068 0.8037 
pH*soil*inoc 4 0.0984 0.1922 
Error (b) 60 0.9362 — — 
Concentration of phosphorus in ash leaves 
pH 2 2.894 0.0545 
linear (1) (1.179) 0.0988 
lof (1) (1.715) 0.0544 
Error (a) 8 2.706 — — 
Soil 2 2.442 0.0022 
Inoc 1 0.653 0.0618 
pH*soil 4 1.466 0.1009 
pH*inoc 2 0.276 0.4697 
Soil*inoc 2 1.785 0.0102 
pH*soil*inoc 4 0.169 0.9176 
Error (b) 60 10.807 - -
Concentration of phosphorus in ash stems 
pH 2 1.259 0.0419 
linear (1) (0.002) 0.9044 
lof (1) (1.257) 0.0145 
Error (a) 8 1.040 — — 
Soil 2 0.302 0.3420 
Inoc 1 0.021 0.6949 
pH*soil .4 0.411 0.5660 
pH*inoc 2 0.574 0.1345 
Soil*inoc 2 1.015 0.0314 
pH*soil*inoc 4 0.294 0.7128 
Error (b) 60 8.296 — — 
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Table Al. Continued 
Source DF SS PR>F 
Concentration of phosphorus in ash roots 
pH 2 0.175 0.2566 
linear (1) (0.163) 0.1201 
lof (1) (0.012) 0.6537 
Error (a) 8 0.431 
Soil 2 0.012 0.9480 
Inoc 1 0.012 0.7456 
pH*soil 4 0.305 0.5987 
pH*inoc 2 0.076 0.7085 
Soil*inoc 2 0.345 0.7085 
pH*soil*inoc 4 0.465 0.3854 
Error (b) 60 6.590 •" — 
Concentration of phosphorus in maple leaves 
pH 2 19.654 0.0013 
1inear (1) (9.964) 0.0032 
lof (1) (9.690) 0.0035 
Error (a) 8 4.650 — — 
Soil 2 2.300 0.0054 
Inoc 1 0.027 0.7165 
pH*soil 4 2.026 0.0507 
pH*inoc 2 0.226 0.5729 
Soil*inoc 4 0.087 0.8056 
pH*soil*inoc 4 1.229 0.2061 
Error (b) 60 12.077 - — 
Concentration of phosphorus in maple stems 
pH 2 0.434 0.0778 
linear (1) (0.394) 0.0342 
lof (1) (0.040) 0.4403 
Error (a) 8 0.485 — — 
Soil 2 0.328 0.0478 
Inoc 1 0.002 0.8377 
pH*soil 4 0.215 0.3896 
pH*inoc 2 0.128 0.2932 
Soil*inoc 2 0.117 0.3255 
pH*soil*inoc 4 0.175 0.4974 
Error (b) 60 3.076 — 
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Table Al. continued 
Source DF SS PR>F 
Concentration of phosphorus in maple roots 
PH 2 1.307 0.0120 
linear (1) (0.971) 0.0085 
lof (1) (0.336) 0.0757 
Error (a) 8 0.646 — — 
Soil 2 0.502 0.0336 
Inoc 1 0.005 0.7961 
pH*soil 4 0.053 0.9431 
ph*inoc 2 0.025 0.8338 
Soil*inoc 2 0.901 0.0029 
pH*soil*inoc 4 0.223 0.5310 
Error (b) 60 4.195 —-
Concentration of potassium in ash leaves 
pH 2 2.870 0.6766 
1inear (1) (2.034) 0.4675 
lof (1) (0.836) 0.6380 
Error (a) 8 27.972 — — 
Soil 2 3.786 0.5742 
Inoc 1 1.544 0.5004 
pH*soil 4 14.147 0.3911 
pH*inoc 2 0.560 0.9206 
Soil*inoc 2 6.052 0.4140 
pH*soil*inoc 4 8.009 0.6696 
Error (b) 6 202.854 — — 
Concentration of potassium in ash stems 
pH 2 0.380 0.5665 
linear (1) (0.139) 0.5226 
lof (1) (0.241) 0.4042 
Error (a) 8 2.488 — — 
Soil 2 0.544 0.1963 
Inoc 1 0.031 0.6630 
pH*soil 4 0.538 0.5125 
pH*inoc 2 0.038 0.8884 
Soil*inoc 2 0.273 . 0.4365 
pH*soil*inoc 4 0,768 0.3279 
Error (b) 60 9.751 - -
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Table Al. continued 
Source DF SS PR>F 
Concentration of potassium in ash roots 
pH 2 18.367 0.1273 
linear (1) (8.293) 0.1573 
lof (1) (10.074) 0.1238 
Error (a) •8 27.243 mm m» 
Soil 2 39.068 0.0140 
Inoc 1 11.631 0.1037 
pH*soil 4 19.638 0.3408 
pH*inoc 2 4.030 0.6254 
Soil*inoc 2 1.005 0.8889 
pH*soil*inoc 4 21.721 0.2899 
Error (b) 60 255.578 — — 
Concentration of potassium in maple leaves 
pH 2 9.914 0.4528 
1inear (1) (5.958) 0.3348 
lof (1) (3.956) 0.4273 
Error (a) 8 45.262 • "• — 
Soil 2 9.605 0.2533 
Inoc 1 0.146 0.8371 
pH*soil 4 12.712 0.4528 
pH*inoc 2 2.658 0.6795 
Soil*inoc 2 5.164 0.4742 
pH*soil*inoc 4 7.149 0.7192 
Error (b) 60 205.064 — — 
Concentration of potassium in maple stems 
pH 2 1.536 0.0593 
linear (1) (0.488) 0.1449 
lof (1) (1.048) 0.0454 
Error (a) 8 1.496 — — 
Soil 2 0.255 0.2118 
Inoc 1 0.056 0.4084 
pH*soil 4 1.196 0.0089 
.pH*inoc 2 0.009 0.9444 
Soil*inoc 2 0.226 0.2512 
pH*soil*inoc 4 1.014 0.0200 
Error (b) 60 4.809 - -
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Table Al. continued 
Source DF SS PR>F 
Concentration of potassium in maple roots 
pH 2 0.775 0.7161 
linear (1) (0.751) 0.4351 
lof (1) (0.024) 0.8864 
Error (a) 8 8.899 
Soil 2 0.098 0.9658 
Inoc 1 0.076 0.8170 
pH*soil 4 7.036 0.2998 
pH*inoc 2 3.293 0.3174 
Soil*inoc 2 0.040 0.9859 
pH*soil*inoc 4 7.462 0.2709 
Error (b) 
Concentration of calcium in ash leaves 
pH 2 9.424 0.5463 
linear (1) (9.157) 0.2926 
lof (1) (0.267) 0.8724 
Error (a) 8 57.750 — — 
Soil 2 12.57 0.4450 
Inoc 1 82.801 0.3026 
pH*soil 4 20.452 0.6170 
pH*inoc 2 4.361 0.7533 
Soil*inoc 4 40.285 0.2748 
Error (b) 60 459.551 - -
Concentration of calcium in maple leaves 
pH 2 3.935 0.5177 
linear (1) (2.027) 0.4155 
lof (1) (1.9081) 0.4289 
Error (a) 8 21.993 — — 
Soil 2 27.313 0.1088 
Inoc 1 20.354 0.0689 
pH*soil 4 5.782 0.9124 
pH*i noc 2 4.698 0.6748 
Soil*inoc 2 9.340 0.4597 
pH*soil*inoc 4 2.578 0.3712 
Error (b) 60 355.895 — -
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Table A2. Analysis of variance (ANOVA) of soil response to 3 levels of 
acidity of the mist solution (pH), 2 tree species, 3 soil types 
and 2 times of infection of the seedling roots by mycorrhizal 
fungi (inoc) at 0, 20 and 52 weeks of acid treatment 
Source DF SS PR>F 
Acidity after 0 weeks of acid treatment 
Soil- 2 1.1780 0.0001 
Error 177 10.0993 --
Acidity after 20 weeks of acid treatment 
pH 2 2.7020 0.0001 
linear (1) (0.4205) 0.0037 
lof (1) (2.2815) 0.0001 
Error (a) 8 0.2058 — — 
Soil 2 1.2887 0.0001 
pH*soil 4 0.1573 0.4411 
Error (b) 163 6.7428 — -
Acidity after 52 weeks of acid treatment 
pH 2 10.6607 0.0001 
linear (1) (2.8125) 0.0004 
lof (1) (7.8482) 0.0001 
Error (a) 8 0.6904 — — 
Soil 2 2.3738 0.0001 
Treesp 1 0.0294 0.4764 
Inoc 1 0.0045 0.7803 
pH*soil 4 0.6666 0.0247 
pH*treesp 4 0.3301 0.0606 
pH*i noc 2 0.1923 0.1924 
Soil*treesp 2 0.0084 0.9294 
Soil*inoc 2 0.1053 0.4035 
Treesp*inoc 1 0.0125 0.6422 
pH*soil*treesp 4 0.3466 0.2048 
pH*soil*inoc 4 0.0783 0.8507 
pH*treesp*inoc 2 0.0090 0.9249 
Soil*treesp*inoc 2 0.0280 0.7847 
pH*soi1*treesp*i noc 4 0.0410 0.9495 
Error (b) 132 7.6067 --
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Table A2. continued 
Source OF SS PR>F 
Fungi after 0 weeks of acid treatment 
Soil 2 0.1778 0.7469 
Error 36 10.8806 
Fungi after 20 weeks of acid treatment 
pH 2 1.4499 0.0406 
linear (1) (0.6828) 0.0524 
lof (1) (0.7671) 0.0443 
Error (a) 4 0.3660 
Soil 2 2.0070 0.0037 
pH*soil 4 0.5802 0.4903 
Error (b) 93 15.6605 
Fungi after 52 weeks of acid treatment 
pH 2 0.2749 0.3661 
linear (1) (0.1673) 0.2837 
lof (1) (0.1076) 0.3644 
Error (a) 2 0.1587 — -
Soil 2 3.3829 0.0198 
Treesp 1 1.9218 0.0318 
Inoc 1 0.0370 0.7578 
pH*soil • 4 1.0544 0.6043 
pH*treesp 2 0.0426 0.9458 
pH*inoc 2 0.0620 0.9222 
Soil*treesp 2 2.7097 0.0403 
Soil*inoc 2 0.3069 0.6726 
Treesp*inoc 1 0.0080 0.8860 
pH*soil*treesp 
pH*soil*inoc 
4 1.9128 0.3087 
4 0.6052 0.8101 
pH*treesp*inoc 2 1.0785 0.2582 
Soil*treesp*inoc 2 0.2402 0.7325 
pH*soi1*treesp*i noc 4 0.3665 0.9138 
Error (b) 33 12.6115 — 
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Table A2. continued 
Source DF SS PR>F 
Bacteria on nutrient agar 
after 0 weeks of acid treatment 
Soil 2 0.3196 0.0922 
Error 36 2.2571 - -
Bacteria on nutrient agar 
after 20 weeks of acid treatment 
PH 2 0.6414 0.0500 
linear (1) (0.0789) 0.2611 
lof (1) (0.5625) 0.0251 
Error (a) 4 0.1846 — — 
Soil 2 0.4193 0.1867 
pH*soi1 4 0.4195 0.4943 
Error (b) 93 11.4121 -  -
Bacteria on nutrient agar 
after 52 weeks of acid treatment 
pH 2 4.6699 0.1948 
linear (1) (0.2195) 0.5966 
lof (1) (4.4504) 0.1069 
Error (a) 2 1.1294 — — 
Soil 2 0.2323 0.3639 
Treesp 1 1.3764 0.0013 
Inoc 1 0.0062 0.8149 
pH*soil 4 0.1555 0.8429 
pH*treesp 2 1.3160 0.0064 
pH*inoc 2 0.0737 0.7207 
Soil*treesp 2 0.4646 0.1404 
Soil*inoc 2 0.1493 0.5186 
Treesp*inoc 1 0.1038 0.3415 
pH*soil*treesp 4 0.9270 0.1058 
pH*soil*inoc 4 0.4129 0.4605 
pH*treesp*inoc 2 0.0555 0.7811 
Soil*treesp*inoc 2 0.0672 0.7415 
pH*so i1*treesp*i noc 4 0.1080 0.9123 
Error (b) 33 22.4248 - -
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Table A2. continued 
Source DF SS PR>F 
Bacteria on egg albumin agar 
after 52 weeks of acid treatment 
pH 2 2.9840 0.1760 
linear (1) (0.9288) 0.2299 
lof (1) (2.0552) 0.1263 
Error (a) 2 0.6372 — — 
Soil 2 0.4171 0.3811 
Treesp 1 3.3225 0.0004 
Inoc 1 0.0091 0.8364 
pH*soil 4 0.3700 0.7783 
pH*treesp 2 2.7776 0.0038 
pH*inoc 2 0.2840 0.5154 
Soil*treesp 2 0.2865 0.5124 
Soil*inoc 2 0.4323 0.3684 
Treesp*inoc 1 0.2099 0.3246 
pH*soil*treesp 4 0.5686 0.6127 
pH*soil*inoc 4 0.3033 0.8344 
pH*treesp*inoc 2 0.1555 0.6933 
Soil*treesp*inoc 2 0.0320 0.9268 
pH*soi 1 *treesp*i noc 4 2.3137 0.0442 
Error (b) 33 6.9282 --
Mycorrhizal spores 
after 52 weeks of acid treatment 
pH 2 957812.80 0.2541 
linear (1) (246983.42) 0.3708 
lof (1) (710829.38) 0.1626 
Error (a) 4 973520.76 — — 
Soil 2 3896940.57 0.0001 
Treesp 1 1166256.75 0.0001 
Inoc 1 2.68 0.9946 
pH*soil 4 296832.31 0.2856 
pH*treesp 2 313224.50 0.0741 
pH*inoc 2 102383.91 0.4175 
Soil*treesp 2 432103.17 0.0291 
Soil*inoc 2 196617.57 0.1906 
Treesp*inoc 1 39254.45 0.4130 
pH*soil*treesp 4 84687.17 0.8320 
pH*soil*inoc 4 606519.09 0.0426 
pH*treesp*inoc 2 87986.57 0.4795 
Soil*treesp*inoc 2 16736.68 0.8656 
pH*soi1*treesp*i noc 4 216985.20 0.4476 
Error (b) 66 3817413.78 — 
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Table A2. continued 
Source DF SS PR>F 
Nitrogen after 0 weeks of acid treatment 
Soil 2 596389.625 0.0004 
Error 177 5573935.446 — -
Nitrogen after 20 weeks of acid treatment 
pH 2 302084.289 0.1763 
linear (1) (204154.689) 0.1242 
lof (1) (97929.600) 0.2693 
Error (a) 8 556025.600 — — 
Soil 2 1066918.847 0.0001 
pH*soil 4 13032.861 0.9908 
Error (b) 163 7539300.287 
Nitrogen after 52 weeks of acid treatment 
pH 2 206330.289 0.0454 
linear (1) (198668.889) 0.0403 
lof (1) (7661.400) 0.6441 
Error (a) 8 266083.378 — 
Soil 2 1327400.844 0.0001 
Treesp 1 5445.000 0.6751 
Inoc 1 75072.089 0:1211 
pH*soil 4. 211078.422 0.1513 
pH*treesp 2 101237.700 0.1977 
pH*i noc 2 10647.344 0.8417 
Soil*treesp 2 18345.733 0.7432 
Soil*inoc 2 34405.911 0.5738 
Treesp*inoc 1 8241.800 0.6061 
pH*soil*treesp 4 129141.667 0.3857 
pH*soil*inoc 4 62208.956 0.7327 
pH*treesp*inoc 2 24122.700 0.6771 
Soil*treesp*inoc 1 10438.933 0.8445 
pH*soi1*treesp*i noc 4 33810.867 0.8943 
Error (b) 132 4071358.200 --
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Table A2. continued 
Source DF SS PR>F 
Phosphorus after 0 weeks of acid treatment 
Soil 2 112.1667 0.0001 
Error 177 776.8332 
Phosphorus after 20 weeks of acid treatment 
pH 2 2.4429 0.7230 
linear (1) (1.9014) 0.4890 
lof (1) (0.5415) 0.7088 
Error (a) 8 28.9171 
Soil 2 69.5529 0.0001 
pH*soil 4 10.7945 0.5149 
Error (b) 163 536.5847 
Phosphorus after 52 weeks of acid treatment 
pH 2 164.6709 0.0964 
linear (1) (129.7102) 0.0556 
lof (1) (34.9607) 0.2788 
Error (a) 8 207.2358 — — 
Soil 2 784.5074 0.0135 
Treesp 1 9309.6125 0.0001 
Inoc 1 344.7267 0.0502 
pH*soil 4 48.4686 0.9682 
pH*treesp 2 239.4343 0.2611 
pH*inoc 2 56.8921 0.7250 
Soil*treesp 2 25.4770 0.8657 
Soil*inoc 2 142.8234 0.4474 
Treesp*inoc 1 76.7014 0.3529 
pH*soil*treesp 4 123.1237 0.8445 
pH*soil*inoc 4 273.2612 0.5439 
pH*treesp*inoc 2 107.8321 0.5444 
Soil*treesp*inoc 2 45.3282 0.7739 
pH*soi1*treesp*i noc 4 264.5399 0.5601 
Error (b) 132 11648.7823 — — 
169 
Table A2. continued 
Source DF SS PR>F 
Potassium after 0 weeks of acid treatment 
Soil 2 861.5833 0.0062 
Error 42 1092.0000 
Potassium after 20 weeks of acid treatment 
PH 2 36.0833 0.3308 
linear (1) (8.3122) 0.2548 
lof (1) (28.5208) 0.1961 
Error (a) 6 80.9167 — — 
Soil 2 2566.2639 0.0001 
pH*soil 4 49.9444 0.6798 
Error (b) 126 2726.5417 
Potassium after 52 weeks of acid treatment 
pH 2 504.6000 0.0284 
linear (1) (115.2000) 0.3738 
lof (1) (290.4000) 0.0209 
Error (a) 8 282.5111 — — 
Soil 2 2435.4778 0.0001 
Treesp 1 476.9389 0.0046 
Inoc 1 19.3389 0.5627 
pH*soil 4 90.1222 0.8139 
pH*treesp 2 61.3778 0.5873 
pH*i noc 2 200.8444 0.1780 
Soil*treesp 2 24.6777 0.8069 
Soil*inoc 2 117.1444 0.3635 
Treesp*inoc 1 2.9389 , 0.8214 
pH*soil*treesp 4 105.6556 0.7650 
pH*soil*inoc 4 507.7222 0.0713 
pH*treesp*inoc 2 60.8444 0.5900 
Soil*treesp*inoc 2 56.8777 0.6106 
pH*soi1*treesp*inoc 4 408.5889 0.1369 
Error (b) 132 7580.7000 — 
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Table A2. continued 
Source DF SS PR>F 
Calcium after 0 weeks of acid treatment 
Soil 2 34085.2917 0.0001 
Error 42 50558.750 
Calcium after 20 weeks of acid treatment 
PH 2 38083.6900 0.0471 
linear (1) (5687.6692) 0.4622 
lof (1) (32396.0208) 0.0239 
Error (a) 6 21526.9722 — — 
Soil 2 44577.1667 0.0014 
pH*soil 4 23192.8333 0.1337 
Error (b) 126 406762.5833 
Calcium after 52 weeks of acid treatment 
pH 2 3535.2889 0.6390 
linear (1) (3311.0222) 0.1085 
lof (1) (224.2667) 0.8125 
Error (a) 8 29837.6000 — — 
Soil 2 106414.4444 0.0001 
Treesp 1 23575.5556 0.0226 
Inoc 1 57.8000 0.9092 
pH*soil 4 10326.4222 0.6756 
pH*treesp 2 9004.0444 0.3647 
pH*inoc 2 8638.5333 0.3799 
Soil*treesp 2 949.5111 0.8984 
Soil*inoc 2 11425.7333 0.2788 
Treesp*inoc 1 6722.2222 0.2202 
pH*soil*treesp 4 5628.0889 0.8658 
pH*soil*inoc 4 35242.7333 0.0998 
pH*treesp*inoc 2 1107.5111 0.8826 
Soil*treesp*inoc 2 3112.0444 0.7045 
pH*soi1*treesp*inoc 4 8121.0222 0.7662 
Error (b)• 
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Table A2. continued 
Source DF SS PR>F 
Iron after 0 weeks of acid treatment 
Soil 2 386.5416 0.0001 
Error 42 636.4167 
Iron after 20 weeks of acid treatment 
pH 2 140.1111 0.0061 
linear (1) (0.0278) 0.9784 
lof (1) (140.0833) 0.0020 
Error (a) 6 31.2222 
Soil 2 1054.2639 0.0001 
pH*soil 4 5.7778 
Error (b) 126 1011.2083 
Iron after 52 weeks of acid treatment 
pH 2 202.2222 0.0128 
linear (1) (35.5555) 0.1344 
lof (1) (166.6667) 0.0069 
Error (a) 8 102.5556 — — 
Soil 2 1143.41 0.0001 
Treesp 1 33.8000 0.0672 
Inoc 1 1.4222. 0.7056 
pH*soil 4 72.6556 0.1268 
pH*treesp 2 3.6333 0.8329 
pH*inoc 2 19.5444 0.3763 
Soil*treesp 
Soil*inoc 
2 7.6333 0.6815 
2 1.8111 0.9129 
Treesp*inoc 1 0.3556 0.8502 
pH*soil*treesp 4 38.8333 0.4218 
pH*soil*inoc 4 61.1222 0.1944 
pH*treesp*inoc 2 8.0778 0.6665 
Soil*treesp*inoc 2 11.8111 0.5530 
pH*soi1*treesp*i noc 4 41.6556 0.3844 
Error (b) 132 1310.0667 — 
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Table A3. Analysis of variance (ANOVA) of the germination rate of seeds 
of 8 tree species (treesp) to 3 levels of acidity of the water­
ing solution (pH) and 3 soil types 
Source DF SS PR>F 
Five days after planting 
pH 2 0.0158 0.5394 
linear (1) (0.0061) 0.4874 
lof (1) (0.0097) 0.4005 
Error (a) 4 0.0418 — — 
Soil 2 0.0440 0.4628 
Treesp 7 5.2704 0.0001 
pH*soil 4 0.0163 0.9656 
pH*treesp 14 0.1144 0.9946 
Soil*treesp 14 0.3097 0.6910 
pH*soil*treesp 28 0.1178 1.000 
Error (b) 138 3.9216 
Seven days after planting 
pH 2 0.0924 0.0154 
1ineàr (1) (0.0781) 0.0072 
lof (1) (0.0143) 0.1050 
Error (a) 4 0.0122 — — 
Soil 2 0.0426 0.3499 
Treesp 7 12.8833 0.0001 
pH*soil 4 0.0436 0.7047 
pH*treesp 14 0.6383 0.0082 
Soil*treesp 14 0.3027 0.3851 
pH*soil*treesp 28 0.3097 0.9667 
Error (b) 138 2.7748 
Nine days after planting 
pH 2 0.0678 0.2843 
1inear (1) (0.0667) 0.1350 
lof (1) (0.0011) 0.8214 
Error (a) 4 0.0764 — — 
Soil 2 0.0161 0.6473 
Treesp 7 19.4837 0.0001 
pH*soil 4 0.1125 0.1994 
pH*treesp 14 0.2913 0.3412 
Soil*treesp 14 0.1718 0.8075 
pH*soil*treesp 28 0.7192 0.1107 
Error (b) 138 2.5512 — — 
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Table A3. Continued 
Source DF SS PR>F 
Eleven days after planting 
pH 2 0.1488 0.0149 
linear (1) (0.1460) 0.0067 
lof (1) (0.0028) 0.5049 
Error (a) 4 0.0220 — — 
Soil 2 0.1916 0.0072 
Treesp 7 10.1927 0.0001 
pH*soil 4 0.0834 0.3533 
pH*treesp 14 0.4883 0.0358 
Soil*treesp 14 0.4576 0.0535 
pH*soil*treesp 28 0.5709 0.3618 
Error (b) 138 0.0187 
Thirteen days after planting 
pH 2 0.0658 0.2990 
linear (1) (0.0527) 0.1768 
lof (1) (0.0131) 0.4617 
Error (a) 4 0.0786 —— 
Soil 2 0.0249 0.5797 
Treesp 7 17.0426 0.0001 
pH*soil 4 0.1109 0.3064 
pH*treesp 14 0.2234 0.7711 
Soil*treesp 14 0.2659 0.6317 
pH*soil*treesp 28 0.9916 0.0509 
Error (b) 138 3.1439 
Sixteen days after planting 
pH 2 0.0966 0.3604 
1inear (1) (0.0260) 0.4306 
lof (1) (0.0706) 0.2357 
Error (a) 4 0.1356 — — 
Soil 2 0.0644 0.3300 
Treesp 7 14.9103 0.0001 
pH*soil 4 0.1068 0.4505 
pH*treesp 14 0.2999 0.7274 
Soil*treesp 14 0.3647 0.5558 
pH*soil*treesp 28 1.0992 0.1245 
Error'(b) 138 3.9752 
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Table A3. Continued 
Source DF SS PR>F 
Eighteen days after planting 
PH 2 0.1695 0.3065 
linear (1) (0.0370) 0.4450 
lof (1) (0.1325) 0.1875 
Error (a) 4 0.2065 — — 
Soil 2 0.0904 0.2456 
Treesp 7 13.3675 0.0001 
pH*soil 4 0.0808 0.6389 
pH*treesp 14 0.4222 0.5110 
Soil*treesp 14 0.3480 0.6889 
pH*soil*treesp 28 1.0443 0.2708 
Error (b) 138 4.3960 
Twenty days after planting 
pH 2 0.1760 0.2529 
1inear (1) (0.0699) 0.2720 
lof (1) (0.1061) 0.1974 
Error (a) 4 0.1726 — — 
Soil 2 0.1228 0.1594 
Treesp 7 13.1153 0.0001 
pH*soil 4 0.0376 0.8872 
pH*treesp 14 0.3864 0.6286 
Soil*treesp 14 0.4659 0.4481 
pH*soil*treesp 28 1.0110 0.3539 
Error (b) 138 4.5525 
Twenty-three days after planting 
pH 2 0.1412 0.3111 
1inear (1) (0.0383) 0.3992 
lof (1) (0.1029) 0.2030 
Error (a) 4 0.1724 — — 
Soil 2 0.1520 0.1349 
Treesp 7 12.9508 0.0001 
pH*soil 4 0.1028 0.6017 
pH*treesp 14 0.5762 0.3623 
Soil*treesp 14 0.7900 0.1152 
pH*soil*treesp 28 1.1266 0.3757 
Error (b) 138 5.1593 — 
Table A3, continued 
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Source DF SS PR>F 
Twenty-five days after planting 
PH 2 0.0798 0.4290 
linear (1) (0.0225)' 0.4805 
lof (1) (0.0573) 0.2859 
Error (a) 4 0.1490 — — 
Soil 2 0.1244 0.2028 
Treesp 7 13.3382 • 0.0001 
pH*soil 4 0.1488 0.4287 
pH*treesp 14 0.5656 0.4098 
Soil*treesp 14 0.5776 0.3892 
pH*soil*treesp 28 1.2991 0.2391 
Error (b) 138 5.3170 
Twenty-seven days after planting 
pH 2 0.1027 0.4017 
linear (1) (0.0399) 0.5405 
lof (1) (0,0628) 0.3002 
Error (a) 4 0.1787 — — 
Soil 2 0.1262 0.1983 
Treesp 7 0.1066 0.5993 
pH*soil 4 0.4567 0.6182 
pH*treesp 14 0.4567 0.6182 
Soil*treesp 14 0.7484 0.1674 
pH*soil*treesp 28 1.2395 0.2940 
Error (b) 138 5.3201 
Thirty days after planting 
pH 2 0.1036 0.4568 
linear (1) (0.0392) 0.4396 
lof (1) (0.0644) 0.3363 
Error (a) 4 0.2133 — — 
Soil 2 0.0964 0.3070 
Treesp 7 13.0646 0.0001 
pH*soil 4 0.1578 0.4236 
pH*treesp 14 0.4385 0.6958 
Soil*treesp 14 0.5716 0.4483 
pH*soil*treesp 28 1.1704 0.4306 
Error (b) 138 5.5857 — 
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Table A3, continued 
Source DF SS PR>F 
Thirty-two days after planting 
PH 2 0.1009 0.3761 
linear (1) (0.0325) 0.4175 
lof (1) (0.0684) 0.2610 
Error (a) 4 0.1594 — — 
Soil 2 0.0372 0.6047 
Treesp 7 13.1222 0.0001 
pH*soil 4 0.1339 0.4615 
pH*treesp 14 0.5011 0.4866 
Soil*treesp 14 0.4030 0.6888 
pH*soil*treesp 28 1.0672 0.4297 
Error (b) 138 0.0369 
Thirty-four days after planting 
pH 2 0.0758 0.5979 
linear (1) (0.0021) 0.8651 
lof (1) (0.0737) 0.3456 
Error (a) 4 0.2563 — — 
Soil 2 0.0491 0.5021 
Treesp 7 12.9339 0.0001 
pH*soil 4 ' 0.1290 0.4600 
pH*treesp 14 0.5035 .0.4421 
Soil*treesp 14 0.4495 0.5531 
pH*soil*treesp 28 1.0377 0.4137 
Error (b) 138 4.8899 
Thirty-seven days after planting 
pH 2 0.0619 0.6386 
linear (1) (0.0026) 0.8452 
lof (1) (0.0593) 0.3819 
Error (a) 4 0.2398 
Soil 2 0.0435 0.5518 
Treesp 7 12.9968 0.0001 
pH*soil 4 0.1350 0.4507 
pH*treesp 14 0.4518 0.5761 
Soil*treesp 14 0.4470 0.5862 
pH*soil*treesp 28 1.1912 0.2746 
Error (b) 138 5.0305 — 
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Table A3, continued 
Source DF SS PR>F 
Thirty-nine days after planting 
pH 2 0.0619 0.6386 
linear (1) (0.0026) 0.8452 
lof (1) (0.0593) 0.3819 
Error (a) 4 0.2398 — — 
Soil 2 0.0454 0.5518 
Treesp 7 12.9968 0.0001 
pH*soil 4 0.1350 0.4507 
pH*treesp 14 0.4518 0.5761 
Soil*treesp 14 0.4470 0.5862 
pH*soil*treesp 28 1.1912 0.2746 
Error (b) 138 5.0305 
Forty-four days after planting 
pH 2 0.0865 0.4228 
1inear (1) (0.0009) 0.8878 
lof (1) (0.0856) 0.2183 
Error (a) 4 0.1594 — — 
Soil 2 0.0428 0.5589 
Treesp 7 12.8708 0.0001 
pH*soil 4 0.1587 0.3668 
pH^ treesp 14 0.5459 0.3941 
Soil*treesp 14 0.4535 0.5764 
pH*soil*treesp 28 1.0117 0.4914 
Error (b) 138 5.0507 
Fifty-one days after planting 
pH 2 0.0804 0.5683 
linear (1) (0.0001) 0.9700 
lof (1) (0.0803) 0.3173 
Error (a) 4 0.2428 — — 
Soil 2 0.0518 0.4695 
Treesp 7 12.9959 0.0001 
pH*soil 4 0.1153 0.4983 
pH*treesp 14 0.5173 0.3765 
Soil*treesp 14 0.4920 0.4257 
pH*soil*treesp 28 1.0307 0.3702 
Error (b) 138 4.7002 — 
Table A3, continued 
Source DF SS PR>F 
Seventy-two days after planting 
pH 2 0.0294 0.7897 
linear (1) (0.0110) 0.6803 
lof (1) (0.0184) 0.6049 
Error (a) 4 0.2237 — — 
Soil 2 0.0387 0.6027 
Treesp 7 12.9494 0.0001 
pH*soil 4 0.0628 0.8009 
pH*treesp 14 0.3606 0.7970 
Soil*treesp 14 0.5590 0.4143 
pH*soil*treesp 28 0.9772 0.5960 
Error (b) 138 5.2780 — 
